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Summary 
 
Long term use of copper-based fungicides in coffee fields to control fungal diseases has 
caused accumulation of copper (Cu). The accumulation of Cu in the soils poses potential 
hazards to the environment and potentially may harm the population through contamination of 
the food web. High Cu concentrations may cause phytotoxicity. 
The hazards of using Cu based fungicides for coffee production is relatively limited because 
coffee is a deep-rooted crop. Because Cu in soils tends to be rather immobile, high 
concentrations are found only within 10 cm of the top soil. Nevertheless, small contents may 
be leached to lower parts of the soil profile as a result of movement of organic matter 
complexed Cu. This may contaminate ground water. 
Coffee farmers in Kilimanjaro and Arusha grow coffee inline with other food crops. Due to 
low coffee prices in the 1980s the majority of farmers decided to uproot coffee trees and grow 
food crops such as maize, beans, tomatoes, cabbage, Amaranthus, etc., on the Cu 
contaminated soils. These crops are shallow rooted and therefore they grow on the 
contaminated part of the soil. There is a potential danger of taking up the Cu and contaminate 
the food web. Soil properties such as pH, electrical conductivity (EC), organic matter, texture 
and redox potential (Eh) play a vital role on mobility and bioavailability of Cu. 
The extent of Cu contamination in soils of coffee farms in Kilimanjaro and Arusha was 
assessed. Furthermore, the concentrations of Cu in leaves of coffee, bean and banana that 
have been grown on Cu contaminated soils were determined. In addition, the vertical 
distribution of Cu in Cu contaminated soils and in control soils was examined. Bean is a crop 
that is widely intercropped with coffee in Kilimanjaro and Arusha regions and it is widely 
used as a test crop for Cu phytotoxicity worldwide. Farmers in Kilimanjaro and Arusha apply 
organic amendments on their coffee fields. Therefore, a field study on the influence of three 
organic amendments, cattle manure, poultry manure and forest litter at different application 
rates on Cu solubility and availability to Phaseolus vulgaris was carried out. We also carried 
out glass house experiments to explore the effects of inorganic fertilizers, cattle manure and 
their interaction effects on Cu solubility and availability to Phaseolus vulgaris. The effects of 
aging on Cu bioavailability and the role of humic and fulvic acids on binding of Cu in spiked 
soils and in long term Cu contaminated soils were explored. 
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Copper concentrations in contaminated soils exceeded background Cu concentrations. The 
concentrations were high enough to raise concerns. For coffee, beans and banana leaves, Cu 
remained within the critical Cu concentrations needed by healthy plants. However, Cu 
concentrations in leaves of plants grown on contaminated soils were higher than these in 
leaves of plants collected from the uncontaminated soils. 
High Cu concentrations greatly exceeding background Cu concentrations reported worldwide 
were found within the top 30 cm of the affected soils. Copper mobility in fallow soils was 
more limited than in tilled soils. There was a positive correlation between silt content and the 
concentrations of Cu in soils. Potentially mobile Cu fractions, which decreased with soil 
depth, were higher in contaminated soils than in uncontaminated soils.  
Poultry manure at 40 ton ha-1 significantly increased CaCl2 extractable Cu compared with the 
control treatment in a field study. Forest litter and cow manure did not affect CaCl2 
extractable Cu. Organic carbon (OC), cation exchange capacity (CEC), EDTA-extractable Cu 
and Cu concentrations in bean seeds or leaves were not significantly changed by the organic 
matter treatments. The concentrations of Cu were significantly lower in bean seeds than was 
the case in bean leaves.  
In a glass house experiment, cattle manure at 15% application rate in Moshi soils decreased 
the EDTA-extractable Cu compared with a control treatment. The highest concentration of Cu 
in bean shoots was observed in the Moshi soils treated with inorganic fertilizers but without 
cattle manure. Cattle manure in Moshi soils significantly reduced the concentrations of Cu in 
bean shoots compared with the control treatment while in Mwanga soils the cattle manure had 
no significant effects. 
Spiking soils with CuSO4 significantly increased extractable Cu as expected. For all the 
treatments except for the Mwanga and Arumeru control soils, the addition of CuSO4 did not 
significantly increase the humic acid bound Cu, but it significantly increased the fulvic acid 
bound Cu. Bean shoots grown on Moshi soils revealed significantly higher concentrations of 
Cu than was the case with other soils. For the respective soil types, there was no significant 
difference in the concentrations of Cu in bean leaves between spiked and unspiked treatments. 
The bean plant did not take up excessive quantities of Cu and therefore the risks of Cu 
contamination of bean crops in the studied soils appear to be low. The homeostatic 
mechanisms of bean plants appeared to be effective to maintain Cu concentrations in the plant 
tissues within normal concentrations on all soils tested.  
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It is concluded that soils in coffee plantations may contain elevated concentrations of Cu. 
However, the Cu in the soils is rather immobile and therefore the risk of contaminating 
underground water resources as a result of its vertical movement appears to be low. 
Furthermore, Cu in coffee plantations was not excessively taken up by coffee, banana and 
bean plants. Therefore the risk of contaminating the food web is limited. However, more 
studies are needed to assess the Cu uptake by other crops that are grown on Cu contaminated 
coffee plantations. 
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Samenvatting 
 
Langdurige toepassing van kopergebaseerde fungicides in koffievelden om schimmelziekten 
tegen te gaan, heeft geleid tot accumulatie van koper (Cu) in de betreffende gronden. De 
accumulatie van Cu in de gronden vormt een potentieel gevaar voor het milieu en kan 
mogelijk schadelijk zijn voor de bevolking wegens de contaminatie van de voedselketen. 
Hoge concentraties aan Cu kunnen fytotoxisch zijn voor planten. 
Het risico dat voortvloeit uit het gebruik van Cu-gebaseerde fungiciden voor koffieproductie, 
is relatief beperkt omdat koffie een diepwortelend gewas is. Omdat Cu in gronden eerder 
immobiel is, worden hoge concentraties enkel in de toplaag tot 10 cm diep aangetroffen. Toch 
kunnen kleine hoeveelheden uitlogen naar lagere gedeelten in het bodemprofiel door de 
migratie van organisch gebonden Cu. Dit zou aanleiding kunnen geven tot verontreiniging 
van grondwater. 
Koffietelers in Kilimanjaro en Arusha kweken tussenin de koffieplanten andere gewassen. 
Wegens de lage koffieprijzen in de jaren '80 hebben vele telers de koffieplanten verwijderd, 
en telen ze voedingsgewassen zoals mais, bonen, tomaat, amarant, enz., op de Cu-
verontreinigde gronden. Deze gewassen wortelen ondiep en groeien derhalve in het 
gecontamineerde gedeelte van de grond. Er bestaat het gevaar dat ze te veel Cu opnemen en 
het voedselweb contamineren. Bodemeigenschappen zoals pH, specifieke elektrische 
geleidbaarheid (EC), organisch materiaal, textuur en redoxpotentiaal (Eh) hebben een vitale 
rol in het bepalen van de mobiliteit en biobeschikbaarheid van Cu. 
De mate van Cu verontreiniging in gronden van koffieplantages in Kilimanjaro en Arusha 
werd bepaald. Ook concentraties aan Cu in bladeren van de koffieplant, bonen en banaan die 
op de gecontamineerde gronden werden geteeld, werden gemeten. Daarnaast werd de 
verticale distributie van Cu in gecontamineerde gronden en in referentiegronden nagegaan. 
Boon is een gewas dat vaak tussenin koffie wordt geteeld in Kilimanjaro en Arusha, en wordt 
vaak gebruikt als testplant voor Cu-toxiciteit. Telers in Kilimanjaro en Arusha dienen 
organische bodemamendementen toe in hun koffieplantages. Derhalve werden veldstudies 
opgezet om de invloeden na te gaan van drie verschillende organische 
bodemverbeteringsmiddelen, met name koeienmest, kippenmest en bladstrooisel, toegediend 
in verschillende dosissen, op de Cu oplosbaarheid en beschikbaarheid voor Phaseolus 
vulgaris. We voerden ook een serreproef uit om de effecten en interacties van anorganische 
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meststoffen en koeienmest op Cu oplosbaarheid en beschikbaarheid voor Phaseolus vulgaris 
na te gaan. De effecten van veroudering op Cu biobeschikbaarheid en de rol van huminezuur 
en fulvozuur op de binding van Cu werden onderzocht door vergelijking van gespikte gronden 
en lange-termijn gecontamineerde gronden. 
De koperconcentraties in de verontreinigde gronden waren hoger dan 
achtergrondconcentraties. De concentraties waren hoog genoeg om bezorgdheid te wekken. 
De concentraties in de bladeren van koffie, bonen en banaan bleven echter binnen normale 
concentraties van gezonde planten. Toch waren de concentraties van Cu in de bladeren van 
planten op gecontamineerde gronden hoger dan deze van planten bemonsterd op niet 
verontreinigde gronden. 
Kippenmest aan 40 ton per hectare veroorzaakte een significante stijging in CaCl2-
extraheerbaar Cu in vergelijking met de controlebehandeling in de veldstudie. Bladstrooisel 
en Koeienmest geen invloed. Organische koolstof, kationenuitwisselingscapaciteit, EDTA-
extraheerbaar Cu en Cu-concentraties in de zaden en bladeren van boon werden niet 
beduidend beïnvloed door de behandelingen met de organische bodemamendementen. De 
concentraties aan Cu waren beduidend lager in de zaden dan in de bladeren van boon. 
In een serre-experiment daalde het EDTA-extraheerbare Cu in een behandeling met 15% 
koeienmest op de bodem van Moshi beduidend in vergelijking met de controlebehandeling. 
De hoogste concentratie aan Cu in de bonenplant werd waargenomen in de Moshi bodems 
behandeld met anorganische meststoffen, maar zonder koeienmest. Behandeling met 
koeienmest in de Moshigronden resulteerde in een significante daling in de Cu-concentraties 
in de bonenplant in vergelijking met de controlebehandeling. In de gronden van Mwanga had 
de behandeling met koeienmest geen beduidend effect. 
Zoals verwacht steeg het extraheerbare koper beduidend na spiken met CuSO4. Voor alle 
behandelingen, behalve de controlegronden van Mwanga en Amumeru, steeg na toediening 
van CuSO4 het huminezuur-gebonden Cu niet, maar wel het fulvozuurgebonden Cu. De 
concentratie aan Cu in de bonenplant was beduidend hoger in de Moshi bodem dan in de 
andere bodems. Voor alle geteste gronden was er geen significant verschil in Cu concentratie 
in bonenbladeren tussen gespikte en niet-gespikte gronden. De bonenplant nam geen 
buitensporige hoeveelheden Cu op, en derhalve lijkt het risico van Cu-contaminatie van 
boongewassen in de bestudeerde gronden gering. De homeostatische mechanismes van de 
bonenplant bleken in staat de Cu concentraties in het plantenweefsel voor alle gronden binnen 
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normale niveaus te handhaven. 
Er wordt geconcludeerd dat gronden in koffieplantages hoge concentraties aan Cu kunnen 
bevatten. Het Cu in die gronden vertoont evenwel een lage mobiliteit en derhalve lijkt het 
risico beperkt dat grondwater door benedenwaartse migratie van het Cu zou gecontamineerd 
worden. Verder werd het Cu in de koffieplantages niet sterk opgenomen door koffie, banaan 
of boon. Derhalve lijkt het risico dat het voedselweb wordt gecontamineerd, beperkt. Er zijn 
echter meer studies nodig om de opname van Cu door andere gewassen die op de 
verontreinigde gronden geteeld worden, te bepalen. 
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1.1 Introduction 
 
Tanzania has been growing coffee as one of its cash crops for more than 100 years in Kagera, 
Kilimanjaro, Arusha, Mara, Iringa, Kigoma, Mbeya and Ruvuma regions (Tanzania Coffee 
Research Institute (TaCRI, 2008)). As a result of land scarcity and high population density in 
some of the regions such as the upland areas of Kilimanjaro Region, small farmers had to 
adopt different farming systems such as intercropping, whereby coffee and banana are 
alternated between rows on the same piece of land (Coffee Base-line Report, 2005). 
As with many other crops, Arabica coffee is susceptible to fungal diseases (Derso and Waller, 
2003) such as coffee berry disease (CBD) caused by Colletotricum coffeanum and coffee leaf 
rust (CLR) caused by Hemileia vastatrix. The diseases are mainly controlled by the use of Cu-
based fungicides like Kocide 101, Funguran and Blue copper (Dickinson et al., 1984). When 
it rains, these fungicides are washed away and deposited on soils. In addition, excess 
chemicals drop on the soils when the pesticides are being applied. Repeated application of the 
fungicides causes high accumulations of Cu in the soil (Loland and Singh, 2004a). 
 
1.1.1 Copper use and concentrations in soils worldwide 
 
Copper is used for agricultural purposes in fertilizer materials and fungicides. In the United 
States of America in 1995, about 469,350 kg of copper hydroxide and 51,550 kg of copper 
sulphate were applied to grapefruit, orange, tangelo, tangerine and temple crops on 259,563 
ha in Florida (USDA, 2005). The following Cu concentrations have been reported worldwide: 
398 mg kg-1 in vineyard soils in France for soils collected at 0 – 2 cm (Chaignon et al., 2003); 
519 mg kg-1 in vineyard soils in France for soils collected at 0 -3 cm depth (Besnard et al., 
2001); 500 mg kg-1 in vineyard soils in Italy for soils sampled at 0 – 10 cm depth (Deluisa et 
al., 1996); 3215 mg kg-1  in vineyard soils in Brazil for soils sampled at 0 – 5 cm depth 
(Mirlean et al., 2007); 168 mg kg-1 in Czech Republic (Komárek et al., 2009); 249 mg kg-1 in 
soils of Victoria, Australia for soils sampled at 0 – 1 cm (Pietrzak and McPhail, 2004); 121 
mg kg-1 in India (Gupta et al., 2008a) and 2300 mg kg-1 in Tanzania coffee fields for soils 
sampled at 0 – 20 cm depth (Mzimba, 2001). 
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1.1.2 Risks of contamination of food web in coffee farms 
  
Copper as a trace metal accumulates and persists in the soil environment. Part of the Cu can 
be in available forms and part may exist in unavailable forms (Brallier, 1996) depending on 
soil conditions (Sauvé et al., 2000) and the time of contact between the applied Cu and the 
soil (Lu et al., 2005). There is a risk that part of the available Cu can be taken up by the plants 
and transferred to the food web thereby posing health risks (Lamb et al., 2009). High 
concentrations of Cu in soils may cause phytotoxicity to plants. Following concerns of high 
concentrations of Cu in soils, it is recommended that the concentrations of Cu in vineyard 
soils in Slovania that exceed 60 mg kg−1 require further investigation (Rusjan et al., 2007). 
Furthermore, the European Union has set the maximum limits of Cu that can be tolerated in 
sewage sludge in European Union countries between 50–140 mg kg-1 soil at pH ranges 
between 6 and 7 (Council of the European Communities, 1986). Some crops may take up 
excess quantities of Cu and contaminate the food web. For example Cocoa in Nigeria was 
reported to accumulate up to 1435 mg kg -1 dry weight Cu in mature green leaves and up to 
642 mg kg-1 dry weight in cocoa beans (Adeyeye et al., 2006). The authors further reported 
Cu concentrations of 286 mg kg-1 in mature banana green leaves. Chinese cabbage 
accumulated 119 mg kg -1 Cu dry weight without showing toxicity symptoms (Xiong and 
Wang 2005). Lettuce leaves accumulated up to 136 mg kg-1 Cu (Inaba and Takaneka, 2005). 
The hazards of using Cu based fungicides for coffee production is relatively limited because 
coffee is a deep-rooted crop. Because Cu in soils tends to be rather immobile, its high 
concentrations are found only within 10 cm of the top soil (Loland and Singh, 2004a: 
Komárek et al., 2009). Despite the Cu immobility in the soil, sometimes small contents may 
be leached to lower parts of the soil profile (Payne et al., 1988) as a result of movement of 
organic matter complexed Cu (Loland and Singh, 2004b).   
In the late 1980s small scale coffee farmers in Tanzania were getting very low prices for their 
products (Coffee Base-line Report, 2005). The prices were so low that the small-scale farmers 
could not meet the costs of production. Consequently, the majority of them decided to uproot 
coffee trees and grow food crops such as maize, beans, tomatoes, cabbage, Amaranthus, 
among others. These crops are shallow rooted and therefore they extract nutrients from the 
contaminated part of the soil. Copper is one of the essential elements for crop growth and 
productivity (de Santiago et al., 2008). However, if its concentration in the growing medium 
is high, there will be detrimental effects to the crop in question (Hilal et al., 2002). When 
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crops are grown on Cu contaminated sites, there is a potential danger of taking up the Cu and 
of contaminating the food web (Gardea et al., 2004).  
However, there are some crops like maize that can grow in Cu contaminated sites without 
taking up significant amounts of Cu high enough to affect the growth (Payne et al., 1988) due 
to a strong barrier to Cu transfer from roots to shoots exhibited by maize (McBride, 2001). 
Payne et al. (1988) further reported that the partitioning of Cu to different maize plant parts is 
such that the lowest concentration was found in maize grains. In other crops, for example 
vineyard, temperate and tropical orchards, Cu phytotoxicity has been reported (Besnard et al., 
2001). 
The bioavailability of Cu is a topic of concern due to the fact that it is associated with a 
number of health problems such as dermatitis and various types of cancer. It causes damages 
to heart, kidney, liver, pancreas and brain. Furthermore, it is associated with intestinal distress 
and anaemia (Al Rub et al., 2006). Excess Cu accumulates in the liver, brain, pancreas and 
myocardium (El Bayaa et al., 2009). Despite the fact that there is such a risk of contaminating 
the food web, farmers still continue to cultivate their crops on the contaminated soils due to 
land scarcity and the fact that farmers have no other means of survival without agriculture. 
1.1.3 Why Cu-based fungicides in coffee fields in Tanzania? 
The epidemiology and chemical control of the fungal pathogens in Arabica coffee in East 
Africa have been reviewed by Masaba (1998). He reported that the CBD fungus needs free 
water and a temperature between 15oC and 25oC to germinate and develop. The development 
of CBD is highly related to the coffee growth pattern. Flower initiation in coffee plants occurs 
shortly after the start of the rainy season. The CBD attacks berries within four to 16 weeks 
after flowering. Thereafter, the fully grown green berries are resistant, but they become 
susceptible again at the ripening stage. Because coffee growing areas receive bimodal rainfall, 
coffee plants experience two flowerings per annum. Since it takes nine months from 
flowering to maturity, coffee crops overlap and therefore, in one year there are four critical 
periods that dictate the use of fungicides to protect the coffee berries. Therefore, to combat the 
CBD, at least four sprays are needed per growing season. If not controlled, CBD can cause up 
to 80 % of crop loss (Javed, 1982). The CLR fungus develops under similar conditions as 
CBD with an optimal temperature range between 15oC and 28oC. The CLR infestation is less 
severe in crops under direct sunlight than those growing in the shade of trees or other plants.   
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Coffee production needs high rainfall, between 1200 and 1800 mm per annum, a temperature 
between 15oC and 25oC and a relative humidity between 60% and 80%. These ecological 
requirements of coffee make upland areas of Kilimanjaro suitable for coffee production. 
However, the high rainfalls, and prevailing temperature and humidity levels in the region 
provide optimal conditions for the development of these two most devastating diseases, CBD 
and CLR.  
The development of CLR fungus is accelerated by the ecological conditions prevailing in  
Kilimanjaro and Arusha regions (see 1.1.6). Furthermore, the adopted farming systems by 
most farmers in those regions like intercropping coffee with crops like banana that provides 
shade for coffee trees also favour the development of CLR (Nutman and Roberts, 1963). 
Additionally, quality coffee production does not require strong sunlight because high light 
intensities lead to profuse flowerings. Such flowerings will not result in good quality coffee. 
Hence, shade trees are inter-planted with coffee trees to block the sunlight (Ridley, 2011). 
Thus, fungicides use has been imperative. 
In East Africa, the fungicides that are effective in controlling CBD include the Cu containing 
formulations, ortho-difolatan, daconil, benlate, topsin, tecto 60, delan and du-ter (Vine et al., 
1973a). Copper-based fungicides, du-ter, difolatan, benlate and daconil were available for the 
control of CLR. However, of all these fungicides, it is only the Cu-based fungicides that 
effectively controlled both CBD and CLR (Vine et al., 1973b). Good efficacy, broad spectrum 
of activity and relatively low cost of Cu-based fungicides (Masaba, 1998) and the plant 
nutritional advantage of the Cu (Patrício et al., 2008), are reasons for the widespread use of 
Cu-based fungicides in East Africa. In contrast, in Brazil, Patrício et al. (2008) reported that 
copper oxychloride was less effective in controlling leaf rust compared to organic pesticides; 
hence it is being sprayed once per growing season mainly for fertilisation purposes and to 
control dieback.   
1.1.4 Farming systems and sources of income in Kilimanjaro and Arusha regions 
In coffee growing areas, there are different farming systems. The adoption of any particular 
farming system is contributed by such reasons as food security, income security, 
environmental conservation and addressing the problem of land scarcity. In Kilimanjaro and 
Arusha regions, the dominant farming system is intercropping where coffee is inter-planted 
with banana plants (TaCRI, 2008). Furthermore, some crops such as amaranthus, cabbages, 
tomatoes, eggplant, beans and potatoes are also being mixed with coffee and banana. Coffee 
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is the main cash crop and the other crops are used as food crops as well as cash crops when 
there are excess harvests (TaCRI, 2008). Management practices are quite different on small 
farms and estates of these regions, and this may influence the amounts of Cu applied (Loland 
and Singh, 2004a). However, the authors did not find any significant difference in Cu 
concentrations between small scale farms and commercial estates. 
In the Kilimanjaro and the Arusha regions, farmers keep livestock like, cow, sheep and 
chicken. The cattle play a vital role in food provision, income generation and provide farm 
yard manure for soil fertilization. In the Kilimanjaro region, coffee production accounts for 
37% of the household’s incomes. Non farm incomes like small shops, local brewing, etc., 
contribute 15%, other crops contribute 21% and livestock contribute 25%. Other sources 
contribute 2%. So it is clear that coffee has a significant contribution to the total income of the 
small scale farmers (TaCRI, 2008). 
The profit that coffee farmers get per hectare per annum is USD 317 (TZS 523,980) from old 
coffee varieties and 877 USD (TZS 1,446,234) from new improved varieties (TaCRI, 2008). 
The new varieties produce up to 900 grams per tree while the old varieties produce up to 400 
grams per tree. In Kilimanjaro region, the coffee population per hectare is between 1,030 and 
1,040 and practically all small scale farmers intercrop (TaCRI, 2008). 
In general, coffee production in Tanzania contributes 115 million USD to the country’s export 
earnings per year. About 400,000 small scale farmers produce 95 % of the total coffee in 
Tanzania. In 2003, the average production of coffee was 48,000 tons which is about 0.7% of 
the world’s total coffee production. From 1980/1981 to 1998/99 coffee sales declined from 
61,514 tons to 47,050 tons. The area that was under production in 2003 was 250,000 ha 
compared to in total 650,000 ha of suitable land (Coffee Baseline Report, 2005). Tanzania 
Coffee Industry development Strategy (2012) estimated that the area under coffee production 
in 2011 amounted to 229,000 ha. It is therefore clear that the area under coffee production is 
still decreasing. 
In Kilimanjaro and Arusha, land is scarce. An average land ownership per house hold is 2.6 
ha. It is estimated that 0.4 % of households are landless, 8.8% of the households own less than 
0.5 ha, 40.1 % own 0.50- 1 ha, 29.6 % own 1 – 2 ha, 12.1 % own 2 – 3 ha, 4.5 % own 3 – 5 
ha, and 4.5 % own above 5 ha (Coffee Base-line Data, 2005).   
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Although coffee prices in the world market have recovered, coffee farmers still face a lot of 
challenges such as increase of inorganic fertilizer prices from TZS 21,000 (13 USD) per 50 kg 
bag to TZS 60,000 (36 USD), increase in fuel prices, prevalence of diseases such as CBD and 
CLR, and the climate change where rains have become erratic. These problems seriously 
affect the benefits that could have been accrued by the increased coffee prices (TaCRI, 2008). 
1.1.5 The study area 
Soil samples were collected from different coffee fields owned by small-holder farmers in 
Kilimanjaro and Arusha regions, Tanzania, and one commercial estate in Arumeru District, 
Arusha region (Figure 1). In Kilimanjaro region, soil samples were collected from Mwanga, 
Hai and Moshi Rural districts.  
  
                                                                            b)                                        
Figure 1: a) Map of Tanzania showing Kilimanjaro and Arusha regions (Source: Balarin, 1985, www.fao.org). 
b): Map of Kilimanjaro region showing studied districts. (Source: www.google.be) 
Field experiments were carried out at Moshi Rural district. Glass-house experiments were set 
at the TaCRI in Hai district, Kilimanjaro region. The area is situated at slopes of Mount 
Kilimanjaro, 23 km from Moshi town. Kilimanjaro region is located in the northern part of 
Tanzania, between latitudes 3°39’ and 4°37’ south, and longitudes 36°52’ and 38°25’ east. 
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Arumeru district is located between latitudes 3o30’ to 3o30’18’’ south and longitudes between 
36o30’ to 37o30’ east. 
1.1.6 Soil types in the study areas 
Mlingano Agricultural Research Institute (2006) compiled information on the major types and 
properties of soils in Tanzania. Soils collected from Mwanga have been classified as Humic- 
Umbric Acrisols (FAO/UNESCO, 1974). The soils are strongly weathered, characterized by 
low activity clay, which developed on hilly or undulating topography. Moshi Rural and Hai 
soils have been classified as Eutric Nitisols. The soils are deep, well drained with clayey 
subsurface horizons that have polyhedric, blocky structure elements with shiny ped surfaces. 
They have developed from parent materials that are finely textured weathering products of 
intermediate to basic parent rock, rejuvenated by admixtures of volcanic ash. The areas are 
hilly in topography. Soils collected from Arumeru district are Mollic Andosols. These are 
black, porous soils of volcanic materials. 
Kilimanjaro and Arusha experience bimodal rainfall. Between 1980 and 2005, the total 
rainfall amount has been ranging between 1400 mm to 2400 mm per year. The minimum 
temperature is 12 oC in July/August and the maximum temperature is 29oC in 
January/February (TaCRI, 2008). 
1.2 Rationale of the study 
In Tanzania, analyses of Cu in soils as well as plants have been undertaken in some areas. For 
example, Mzimba (2001) reported concentrations of Cu of up to 1180 mg kg-1 in bean leaves 
grown in Arusha region. Loland and Singh (2004a) reported Cu concentration of up to 842 
mg kg-1 in bean leaves, 21 mg kg-1 in maize leaves and 99 mg kg-1 in coffee leaves. Such high 
concentrations of Cu in plants warrant further research.  
Research on the effects of different types of organic matter amendments and their application 
rates, influence of inorganic fertilizers, land use and aging on solubility and bioavailability of 
Cu in Cu contaminated coffee fields are limited. Furthermore, the present study explores the 
association of Cu with humic and fulvic acids, aspects that have not yet been studied in Cu 
contaminated coffee farms in Tanzania. Detailed studies on the afore-mentioned aspects will 
broaden our understanding on Cu dynamics in Cu contaminated soils. 
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Most risk assessment studies use total metal concentrations as a measure of risks associated 
with heavy metals in soils. However, this method presents little information on the quantity of 
the heavy metals that is bioavailable (Lu et al., 2005; Fangueiro et al., 2005) because total 
concentration incorporates the soluble as well as insoluble fractions of heavy metals. Most 
studies on the influence of aging on availability of Cu to plants were done in laboratories 
using recently spiked soils. The spiked soils are incubated for a month, or a few months, and 
Cu extractability as a measure of its availability, is then determined (Jalali and Khanlari, 
2008). This approach does not give full information on the long term availability of heavy 
metals as influenced by aging. It is therefore important to study the aging effect on Cu 
availability in long term Cu contaminated soils and in Cu spiked soils.  
1.3 Objectives 
The general objective of this study is to assess the contamination and bioavailability of Cu in 
soils and coffee fields in Kilimanjaro and Arusha regions in Tanzania. 
The specific objectives are:  
 
i To assess the extent of soil Cu contamination and its bioavailability to coffee, banana and 
bean crops in coffee fields in Kilimanjaro and Arusha, Tanzania; 
 
ii To assess the vertical distribution of Cu in Cu contaminated soils; 
 
iii To assess the effects of cow manure, poultry manure and forest litter and their application 
rates on the bioavailability of Cu; 
 
iv To assess the influence of inorganic fertilizers on Cu solubility and bioavailability;  
 
v To assess the effects of aging on the solubility and bioavailability of Cu to Phaseolus 
vulgaris and the associations of Cu with fulvic and humic acids. 
1.4 Thesis outline 
This study explored the extent of Cu contamination and its behaviour in coffee farms where 
Cu-based fungicides have been used for a long time. Copper concentration in some plants 
inter-planted with coffee was determined to assess risks of contaminating food web. 
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Chapter one presents the general facts on coffee farming and the history of the use of Cu-
based fungicides to combat fungal diseases in coffee plantations in Tanzania and in other 
parts of the world. Information on Cu contents in different farms from different parts of the 
world was highlighted. Theories on Cu behaviour and mobility in soils are covered in 
Chapter two. The theories were important because they guided us on the soil parameters that 
we determined or manipulated in order to assess Cu mobility or availability. 
Chapter three reports a study carried to investigate the levels of Cu in coffee farms and in 
coffee, maize and bean plants in Kilimanjaro and Arusha regions, Tanzania. It was very 
important to conduct this field survey. Data obtained in the study were used to plan for 
subsequent studies reported in chapter four to chapter seven. The most contaminated soils 
were collected and used for further investigations. Because soils in surveyed farms had 
different Cu concentrations, we studied the vertical distribution of Cu in different farms in 
different locations to assess risks of contaminating ground water resources. The results are 
presented in chapter four. 
In field surveys, high concentrations of Cu in soils and in plants were observed in a farm in 
Manushi Ndoo village in Moshi Rural district. It was also observed that banana and bean 
plants were intercropped with coffee in a number of farms. Furthermore, it was observed that 
most coffee farmers applied organic amendments. A field experiment reported in chapter five 
to explore the influence of cattle manure, poultry manure and forest litter on Cu solubility and 
bioavailability to bean plant was setup in this farm. It was revealed in our field survey that 
farmers have started to use inorganic fertilizers in their farms. Inorganic fertilizers may 
change ionic strength of soils and thereby influence Cu mobility in soils. Effects of inorganic 
fertilizers and cattle manure on Cu bioavailability to bean plant were carried out and results 
have been presented in chapter six. Results in chapter five revealed that despite high contents 
of Cu in soils and different application rates of different organic amendments, bean plants did 
not take up Cu excessively. It was hypothesised that probably aging effects or plant 
homeostatic effects were mechanisms responsible for restricting excessive uptake of Cu by 
bean plants. This called for a study reported in chapter seven where effects of aging on Cu 
solubility and bioavailability to bean were studied. In chapter eight, a summary of the 
findings, conclusions and recommendations for further studies are presented. 
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Chapter 2: Literature review 
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2.1 Sources of Cu in soils 
Copper accumulates in soils mainly as a result of activities such as Cu mining and smelting, 
brass manufacture, electroplating, continuous atmospheric depositions, application of sewage 
sludge, municipal composts and pig slurries (Marcato, 2009), automotive and battery 
industries (Hanafiah et al., 2009) and mineralization and weathering of parent materials 
containing Cu (Holmgren, 1993). Another important source of Cu in agricultural soils is 
through fertilizer materials (Fasaei and Ronaghi, 2008) and excessive use of Cu-based 
agrochemicals (Doula et al., 2000; Loland and Singh, 2004a). Copper from Cu based 
fungicides as a result of routine fungicides application can add up to 3 kg ha-1 with a single 
application. Though the amounts deposited at a time during the application may be very 
small, long term application may lead to elevated levels of Cu in the soil (Zhang et al., 1997). 
2.2 Chemical forms of Cu in soils 
Copper has two oxidation states, Cu(I) and Cu(II). Monovalent copper is mainly found in 
anaerobic environments. It can be oxidized to Cu(II) under oxic environments. Copper(II) is 
considered to be a more toxic form because it is more mobile and reacts with a number of soil 
constituents (Hall and Anderson, 1999). Copper in the soil exists in different forms such as 
water soluble, exchangeable, organically bound, that associated with carbonates, hydrous 
oxides of Fe, Mn, Al and residual forms (Sauvé et al., 2000; Tack, 2010). Chemical forms of 
Cu determine its availability and fate in soils. The distribution of Cu into these species is 
dependent on soil properties such as pH, redox potential (Eh), CEC, organic matter, texture, 
oxides content and clay mineralogy (Sims, 1986). 
Copper has a high affinity for organic matter. Organic matter provides specific binding sites 
for Cu in the soil (Karlsson et al., 2006; Tack, 2010). When Cu is introduced to the soil, it 
undergoes processes such as chemisorption, ionic exchange, complexation with organic 
matter, adsorption, and may be occluded in carbonates or oxide minerals or in the structure of 
primary and secondary minerals (Hickey and Kittrick, 1984).   
2.3 Vertical distribution and downward movement of Cu in soils 
Although Cu in soils is rather immobile (Pietrzak and McPhail, 2004), in some cases it can 
move vertically downwards in the soil depending on whether it is present in soluble forms or 
in insoluble forms (Mirlean et al., 2009). The movement is governed by a number of soil 
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physico-chemical properties and the interaction between the properties (Gomes et al., 2001) 
and deep ploughing (Payne et al., 1988). One of such properties is soil pH, where the 
solubility of Cu increases with decreased soil pH (Sims and Kline, 1991) and soil texture, 
where clayey soils immobilize Cu (Richards et al., 2000). In calcareous soils, most Cu is 
mainly confined within the 10 cm of top soil (Brun et al., 1998; Komárek, 2009; Besnard et 
al., 2001) and therefore rendered immobile. Payne et al. (1988) found very small downward 
movement of Cu in soils with low clay content or low in iron and/or manganese 
oxyhydroxide. Significant downward movement of Cu which resulted to underground water 
contamination has been reported in a region characterised by acid sandy soils developed on a 
quaternary fine sands and humid subtropical climate with average precipitation of 1300 
mm/year in southern Brazil (Mirlean et al., 2009). 
The mobility of heavy metals is reduced considerably in the unsaturated soils (Zhang and Lo, 
2008) causing the solubility and migration of Cu under low soil water content to be very 
limited. This explains why heavy metals are retained within the surface soils in arid regions. 
The downward movement of Cu is limited in clay soils due to low hydraulic conductivity and 
the sorption of Cu. Clay minerals often carry negative charges; therefore the high valence 
cations are held and retained by negatively charged soil colloids. Zhang and Lo (2008) 
concluded that CuSO4 addition to irrigated soils for over 10 years at an application rate of 
18.7 kg CuSO4 ha
-1 year-1 was not likely to cause significant Cu groundwater pollution. In 
their Cu leaching experiment, they showed that most Cu was retained on the upper 1 cm, and 
the concentrations decreased with soil depth. However, such high concentrations of Cu found 
within the root zone may pose a risk of contaminating the food web.   
2.4 Soil physical properties and their effects on leaching of Cu 
The movement of water and dissolved heavy metals in soils is affected by soil physical 
properties such as soil texture (Deng et al., 1998), soil porosity, bulky density, infiltration rate 
of water in the soil, the interaction between soil colloids and the infiltrated water and the 
hydraulic properties of the soil (Zhang and Lo, 2008). These authors concluded that up to 
88% of the added Cu was held within the top 2 cm depth of the soil profile in clay soils. If the 
hydraulic properties of the soil allow water movement, the transport of Cu can be significant 
in soils (Richards et al., 2000). 
Zhang and Lo (2008) performed a study to model the movement of Cu dissolved in water in 
three dimensions. Vertical penetration depth was more significant than horizontal movement, 
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and the increase in soil density was effective to retard the movement of Cu. They further 
reported that clay content had a strong influence on the transport of Cu. A small difference in 
clay content can result in a significant difference in Cu migration. 
2.5 Effects of soil chemical properties on Cu bioavailability 
Soil pH is an important factor in determining the distribution of Cu over different chemical 
forms and ultimately determines its solubility and availability. In acidic conditions Cu 
becomes more soluble (Martίnez and Motto, 2000), with the exchangeable forms and 
organically bound forms becoming dominant (Sims, 1986). In alkaline conditions, Cu is 
largely precipitated (Alva et al., 2000). The concentration of ionic Cu decreases because of Cu 
binding (Kunz and Jardim, 2000) and increased cation exchange capacity as a result of 
increased temporary, pH dependent, negative charges. Bibak (1994) observed a 75% increase 
in Cu adsorption on metallic oxides when the pH changed from 6 to 7. Under acidic 
conditions, the exchangeable form of Cu is the major form of Cu taken up by crops. 
Carbonates can have effects on Cu solubility either directly through their surface interactions 
or indirectly through their effects on soil pH and other soil constituents (Martίnez and Motto, 
2000). Other soil chemical and mineralogical properties such as iron and aluminium oxides, 
cation exchange capacity, mineralogy and redox potential and/or the combination of all, 
(Scotti et al., 1998; Clemente et al., 2003; Tack et al., 1996) and soil texture (Otte et al., 1991; 
Vig et al., 2003) have a great influence on the bioavailability of Cu. If the properties of the 
soil do not favour increased bioavailability of Cu, cultivation of food crops can continue 
without contaminating the food web. On the contrary, if the soil’s physico-chemical 
conditions favour increased solubility and bioavailability of Cu, there is a high risk of 
polluting the food web (Bozkurt et al., 1999; Mårtensson et al., 1999; Seeda et al., 1997; 
Jacob and Otte, 2004). 
2.6 Effects of organic matter contents on the bioavailabilty of Cu 
Organic matter content is one of the factors that determine the bioavailability of Cu in soils 
(Gomes et al., 2001). In soils amended with organic matter, Cu tends to accumulate on the top 
few centimetres due to the high affinity of Cu to form inner sphere complexes (Srivastava et 
al., 2005). Insoluble Cu-organic matter complexes that may be formed as a result of organic 
matter decomposition may make Cu less available in the soil (Li et al., 2009). Organic matter 
upon decomposition, may release compounds such as humic acid or fulvic acids that react 
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with Cu to form Cu-organic matter complexes that are soluble and consequently enhance Cu 
mobility (Almås et al., 1999; Bengtsson et al., 2006). It is therefore clear that organic matter 
amendments added to soils may either enhance or deter Cu availability depending on the type 
of complexes that are formed. 
2.7 Aging and Cu availability 
The term “aging” describes the processes by which the extractability, bioavailability and 
toxicity of Cu added to soils decrease with time (Lu et al., 2005). The solubility and 
availability of heavy metals in soils is low as compared with other metals in soils because soil 
constituents adsorb the heavy metals. When Cu is added to soils it undergoes reactions which 
lead to immobilization or formation of compounds that are insoluble (Jalali and Khanlari, 
2008). This elucidates that the difference in bioavailability or toxicity of Cu between long-
term Cu contaminated soils in field and freshly added Cu to soils in a laboratory differ 
greatly. It is therefore of prime importance and necessity to understand the aging processes in 
ecological risk assessment of metals in soils (Zhou et al., 2008). The time period of contact, or 
the residence time, between the added metals and soil components may affect the solubility 
and availability of Cu. With time, metals and soil constituents undergo reactions such as 
complexation, adsorption, exchange, chelation, and precipitation or diffusion into the 
mesopores and macropores of soils. These reactions may lead to the alteration of highly 
soluble species into insoluble or less soluble ones (Brallier et al., 1996). 
2.8 Cu extractability, concentration and uptake by plants 
There has been contradicting reports on the relationship between the extractable Cu in the soil 
and the concentration of Cu in plants. For example, Payne (1988) reported a linear 
relationship between DTPA extractable Cu and the Cu added to the soil. However, the amount 
of DTPA extractable Cu did not correlate with the concentration of Cu in corn leaves or in 
corn grains. Sims and Kline (1991) found weak relationship between either total soil Cu or 
sum of Cu fractions and plant Cu concentrations. Komárek et al. (2009) found that the CaCl2-
Cu extraction method is not a good predictor of Cu bioavailability in slightly alkaline 
vineyard soils but the EDTA extraction is more suitable for predicting the potential 
availability of Cu in such soils. Inaba and Takenaka (2005) found no difference in 
bioavailability of Cu to lettuce under different pH conditions. Studies show that there is little 
correlation between plant shoot Cu and total soil Cu for maize, suggesting that maize plants 
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have a strong barrier to Cu transfer from roots to shoots (McBride, 2001). Therefore total soil 
Cu concentration may have little significance to Cu bioavailability and toxicity. These 
contradicting reports on the relationship between the concentrations of Cu in soils and the 
concentrations of Cu in different plants show that the bioavailability and the uptake of Cu by 
crops is soil- and plant-specific and that risk assessment should be on specific plant or on 
specific soils basis. 
2.9 Distribution of Cu to coffee plant parts 
Dickinson et al. (1984) reported the distribution of Cu to different coffee plant parts for 
samples collected in a 68 years old Coffea arabica plantation in Kenya. The application rate 
of Cu-based fungicides was 5 kg ha-1 of 50% Cu as copper oxchloride at the spray frequency 
of 10 – 12 applications per anum. The highest concentrations   were found in the bark (1112 
mg kg-1 dry weight on average), followed by leaves (330 – 500 mg kg-1 dry weight) and 
epicarp (75 mg kg-1 dry weight on average). Berries had the lowest concentrations of 16–17 
mg kg-1 dry weight. The normal concentrations of Cu in plant tissues in general range 
between 3 to 40 mg kg-1 (Jones, 1972). Therefore, if leaves and epicarps are used as organic 
amendments, they will re-cycle Cu in the ecosystem. The alternatives available for organic 
amendment that do not contain elevated levels of Cu are poultry manure and cattle manure 
(see Table 9). 
2.10 Cu deficiency and toxicity to plants 
Copper is a micronutrient for both animals and plants. However, it can be toxic to the 
organisms if present at concentrations approximately 10–50 times higher than the required 
concentration (Hall et al., 1997). Jones (1972) reported that the normal concentrations of Cu 
in different plants range between 3 and 40 mg kg-1. 
Deficiency of Cu in plants like citruses cause dieback while excess of Cu in the plants causes 
chlorosis (Alva et al., 2000). Plants grown on soils contaminated with Cu may show the 
toxicity signs including decreased leaf, stem and root dry weights especially on acidic soils 
but on alkaline soils the effects may not be noticed (Alva et al., 2000). Alva et al. (2000) 
reported a negative relationship between the concentration of soluble Cu in the soil and the 
plant dry matter of plants. The toxicity of Cu to any particular crop depends very much on the 
type of soils and management factors. Borkert et al. (1998) reported threshold Cu toxicity for 
maize tissues as being 20 to 21 mg kg-1. Above this critical concentration, toxicity effects 
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show up. Shainberg et al. (2001) reported that a Cu concentration in bean leaves of 23 mg/kg 
caused a 20% decrease in chlorophyll content as compared with the plants with 12 mg/kg Cu 
content. They further reported that a Cu concentration of 23 mg/kg in Phaseolus vulgaris 
induced oxidative stress and inhibition of glutathlone reductase. Coffee seedlings grown on 
solution containing 10 mg kg-1 Cu had severely distorted and impaired root systems as well as 
leaf and shoot necrosis (Aduayi, 1972). Symptoms of Cu toxicity under field conditions have 
not been proven and coffee appears to be tolerant of elevated Cu levels in soils and in tissues 
(Dickinson and Lepp, 1985). Concentrations of Cu of 600 mg kg-1 caused toxicity to bananas 
in Costa Rica (Cordero and Ramirez, 1979). 
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Chapter 3: Copper accumulations in soils, coffee, banana and bean plants 
following copper based fungicides in coffee farms in Arusha and Kilimanjaro 
regions, Tanzania 
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banana and bean plants following copper based fungicides in coffee farms in Arusha and 
Kilimanjaro Regions, Tanzania. Communications in Soil Science and Plant Analysis, 45 (15), 
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3.1 Abstract 
This study was carried out to investigate the levels of copper (Cu) contamination in coffee 
fields in Kilimanjaro and Arusha regions, Tanzania, to increase the database on the 
contamination of soils by Cu-based fungicides in coffee fields. Surface (0 – 20 cm) soil 
samples were collected from different farms in Kilimanjaro and Arusha regions. Coffee, 
banana and bean plant samples were also sampled. It was found that the CaCl2-extractable Cu 
was not detected by the flame atomic absorption spectrometry. Diethylenetriaminepentaacetic 
acid (DTPA) (24 to 366 mg Cu kg-1 soil) and aqua regia-extractable (80 to 806 mg Cu kg-1 
soil) Cu levels were high enough to raise environmental alarm in the Cu fungicide-treated 
soils as compared with natural Cu levels in untreated soils (1 to 12 mg Cu kg-1 soil for DTPA 
and 22 to 32 mg Cu kg-1 soil for aqua regia extractable Cu). Coffee and banana plants grown 
on soils contaminated by Cu-based fungicides had varied concentrations of Cu. The 
concentrations of Cu in plants collected from contaminated soils were higher than the 
concentrations of Cu in the plants collected from the uncontaminated soils. Stepwise 
regression analysis carried out to investigate the relationships between the soil properties and 
the concentrations of Cu in plants revealed a significant (p = 0.01) positive relationship (R2 = 
0.4) between organic carbon and the concentration of Cu in banana leaves. Aqua regia 
extractable Cu was positively correlated (p = 0.03, R2 = 0.4) with the concentrations of Cu in 
banana leaves. For bean leaves, EC had a positive significant (p = 0.01) relationship (R2 = 
0.56) with the concentrations of Cu in the plants. It is recommended that further research be 
carried out to investigate the dynamics and bioavailability of Cu for the different crops inter-
planted in the coffee fields. 
3.2 Introduction 
As Cu accumulates and persists in the soil environment due to continual use of Cu-based 
fungicides, there is a risk that part of the bioavailable Cu is transferred to the food chain 
(Loland and Singh, 2004b). High concentrations of Cu in the soil have been shown to cause 
phytotoxicity in some crops like dill (Zheljazkov et al., 2006), durum wheat (Michaud et al., 
2008) and barley (Ali et al., 2004). Total Cu concentrations of 322 mg kg-1 caused 
phytotoxicity to barley grown on Cu contaminated forest soil (Ali et al., 2004). It has been 
reported that levels of DTPA-extractable Cu exceeding 200 mg kg-1 caused Cu phytotoxicity 
to Portulaca oleraceae (Deepa et al., 2006). A concentration of 400 mg kg-1 Cu was 
phytotoxic to citrus plants (Alva et al., 1999). Excess Cu hinders the uptake of iron by plants, 
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causes stunted growth and inhibits growth of fine roots in maize plants (McBride, 2001). 
However, Cu is an essential nutrient (Gupta et al., 2008b), and therefore Cu from fungicide 
application can be beneficial if the soils are deficient in native Cu. 
Coffee in Kilimanjaro and Arusha regions is an economically important cash crop for both 
small and large scale farmers. Small scale farmers intercrop coffee plants with food crops like 
beans, bananas, and maize (Loland and Singh, 2004a), amaranthus, tomatoes, eggplant, 
cabbages, Chinese cabbage, among others. This practice of growing coffee together with 
shallow rooted plants like beans, bananas and maize on the same Cu contaminated land may 
influence soil organic carbon contents and soil pH (Loland and Singh, 2004a). The changes in 
the properties may have repercussions on Cu bioavailability and accumulation in crops, 
thereby contaminating the food web. Although Cu is one of the essential elements for plants 
growth, if it is available and taken up in large quantities by the food crops such as banana, 
beans and maize that have been intercropped with coffee, there may be a risk of 
contaminating the food web and putting human health in danger. 
The hazards of using Cu containing fungicides for coffee production are relatively limited 
because coffee is a deep-rooted crop. Most roots are found between 30 and 60 cm depth. 
Because Cu in soils is generally immobile, high concentrations are found only within 10 cm 
of the top soil (Loland and Singh, 2004a; Komárek et al., 2009). The roots of bean and 
banana, which are shallow rooted plants, will extract water and mineral nutrients from this 
soil layer which has been contaminated with Cu and may therefore take up Cu in excessive 
quantities and consequently contaminate the food web. However, small quantities of Cu may 
be continually leached to lower parts of the soil profile as a result of movement of Cu 
complexed with organic matter (Loland and Singh, 2004a). Some downward movement of Cu 
to B horizons has also been reported by Payne et al. (1988). Large increases of Cu in subsoils 
have been attributed to ploughing. 
Farmers in Kilimanjaro and Arusha regions use organic fertilizers in coffee fields. The 
organic matter may variously influence the bioavailability of Cu (Zheljazkova and Warman, 
2004). Cultivation of field crops without sufficient replacement of organic matter may lead to 
oxidation of the organic matter and release Cu to the soil solution, and make it bioavailable 
(McBride, 2001). Thus, care should be taken when changing from growing deep rooted crops 
like coffee to shallow rooted crops like beans and banana on soils contaminated by Cu 
fungicides (Komárek et al., 2009). 
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There are contradicting reports on the relationships between Cu in the soil and its 
concentration in plants. Positive relationships (Zheljazkova and Warman, 2004), no 
relationships (Mendoza et al., 2006; Brun et al., 1998; Chaignon et al., 2003) and poor 
relationships (Qian et al., 1996) have all been variously observed. The disparities on the 
results by different authors show that bioavailability of Cu to plants is soil- and/or plant-
specific.  
Coffee fields in northern regions of Tanzania have been reported to be contaminated with Cu 
due to applications of Cu containing fungicides. For example, concentrations of 186 mg kg-1 
(Mkindi, 1990) and 2670 mg kg-1 (Mzimba, 2001) have been reported for soils collected at 0 – 
20 cm depth. Vegetable soils in Mbeya region treated with Cu fungicides were found to 
contain Cu concentrations up to 212 mg kg-1 (Mwalilino, 1996). Other total Cu levels in 
fungicide treated soils reported were 646 mg kg-1 in Lushoto district in Tanga region (Baruti, 
1996). Loland and Singh 2004a reported Cu concentrations of 1403 mg kg-1 in soils collected 
from Kilimanjaro region at 0 – 5 cm depth and 632 mg kg-1 for soils collected from Arusha 
region for soils collected at 0 – 5 cm depth. 
Also in plants, elevated Cu accumulations have been reported. Loland and Singh (2004a) 
found 991 mg kg-1, 21 mg kg-1, and 842 mg kg-1 Cu in coffee leaves, maize leaves and bean 
leaves, respectively. Mzimba (2001) reported Cu concentrations of 20 and 1180 mg kg-1 in 
bean leaves. 
Whereas Cu concentrations in soils in Tanzania have been investigated, the farms covered in 
the studies were very few as compared to the total number of farms known to have received 
Cu-based fungicides (about 200,000 farms in the northern regions). Little is yet known about 
the real extent of soil Cu contamination in all coffee growing areas in Tanzania. 
The objective of this study was to explore the extent of Cu contamination in soils and its 
bioavailability to coffee, banana and bean crops in different soils of Kilimanjaro and Arusha 
regions as influenced by soil properties. This study contributes to the available data of the 
extent of Cu contamination in different areas of Tanzania. Moreover, whereas previous 
studies covered Arumeru district in Arusha region and Moshi Rural and Hai districts in 
Kilimanjaro region, the current study explored also Mwanga district in Kilimanjaro region. To 
our knowledge there are no published studies on Cu contamination in Mwanga district. 
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The relationship between the soil properties in Cu contaminated coffee fields with Cu uptake 
by bean, banana and coffee plants is studied so as to predict Cu bioavailability to the named 
crop plants.   
3.3 Materials and Methods 
3.3.1 Description of the study areas 
Soil samples were collected from Arusha and Kilimanjaro regions in the northern part of 
Tanzania (Figure 1). In Kilimanjaro region, soil samples were collected from three districts, 
which are Moshi Rural, Hai and Mwanga. In Moshi Rural, soil samples were collected from 
Manushi Sinde, Manushi Ndoo and Kindi villages. In Hai district, soils were collected from 
Kyeeri village and at Tanzania Coffee Research Institute (TaCRI). In Mwanga district, Raa 
village was studied. 
In Arusha region, soils were collected from Nguruma village (ORGADEN Coffee Estate) and 
in Nkoaranga village which are both located in Arumeru district, Arusha region, near Arusha 
city, Tanzania.  
TaCRI as an institute has been responsible for coffee research in Tanzania for a long time. It 
has experimental farms that have been receiving Cu-based fungicides for the control of fungal 
diseases, and it also has plots without Cu treatments.  
Mwanga district was included in the study because, to our knowledge, there are no published 
reports on the Cu contamination in coffee farms from the area. Moreover, coffee farming 
started only about 50 years ago. Moshi Rural, Arumeru and Hai districts were chosen because 
studies on the contamination of soil by Cu in coffee fields are few. Additionally, these were 
the first districts in Tanzania to adopt coffee farming (more than 100 years ago) and hence are 
expected to be affected more by Cu contamination. 
3.3.2 Sampling 
Surface soil samples (0 – 20 cm) were collected in April and May, 2010 and analyzed to 
determine the concentrations of Cu from the sampled soils. For each sampling point, a 20 cm 
deep pit was dug and a 10 cm slice was taken using a shovel. For each field, four points were 
sampled and the soils were composited and well mixed, followed by reduction of the sample 
size by quartering until about one kilogram remained. In every village sampled, composite 
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soil samples were also collected from locations that had never received Cu-based fungicides, 
to serve as controls. On the soil sampling locations in farms where coffee is intercropped with 
banana and bean crops, the corresponding samples of leaves of these food crops as well as 
coffee leaves were sampled. The sampling of banana and bean leaves was done for the 
purpose of examining if there is a transfer of Cu from the Cu contaminated soils to the food 
crops in question. Except for coffee leaves, these plant parts are used to feed cattle and the 
manure from the animals is used by the farmers to fertilize their coffee fields. Therefore, Cu 
may be continuing to recycle in the soils. Five bean plants (three leaves per plant) were 
sampled per sampling point. The sampling was carried out at flowering (Van Ranst et al., 
1999). The leaves were combined to give a composite sample. For banana, the third leaf 
below the growing point was sampled. The third leaf was sampled in order to maintain 
consistency and because it can be assumed that the third leaf was the first adult leaf which 
would have accumulated Cu and other nutrients for the longest time (Van Ranst et al., 1999).  
For coffee, five young leaves per coffee tree that had just changed from the reddish to the 
greenish were sampled. The coffee leaves that had just changed from reddish to greenish were 
taken for the purpose of maintaining consistency. If for example green leaves were taken, it 
would be impossible to estimate the age of the leaves and we would not be sure if we were 
comparing leaves of the same age.  The samples were rinsed using distilled water, air-dried, 
then oven-dried at 70oC for 24 hours, and ground using a laboratory grinding mill. 
3.3.3 Chemical analysis 
Laboratory analysis was carried out at Sokoine University of Agriculture, Soil Science 
Laboratory. The soil samples were first spread out on a plastic sheet in a well ventilated area 
for eight days to dry. The samples were ground and passed through a 2 mm sieve. Soil pH 
(water) was measured using a glass electrode, pH 211 Microprocessor, Hanna Instruments, 
Italy at the soil:water ratio of 1:2.5. Electrical conductivity (EC) was determined using the 
Digimeter L 21 EC reader, Eijkelkamp, The Netherlands at 1:2.5 soil:water ratio. The 
suspension was shaken in a mechanical shaker for 2 hours and the pH and EC determined 
(Procedures for Soil Analysis, 2002). The Organic carbon was determined using the Walkley 
and Black (1934) method (Van Ranst et al., 1999). The CEC was determined using the 
ammonium acetate (pH 7.0) saturation method (Van Ranst et al., 1999). Copper was extracted 
using three extractants. These were 0.01 M CaCl2, 0.005 M DTPA (pH 7.3) and aqua-regia 
(Van Ranst et al., 1999). CaCl2-extractable Cu represents soluble, easily leached Cu fraction 
while aqua regia extractable Cu represents pseudo-total Cu content in the soil (Sauvé et al., 
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1996). DTPA is aimed at simulating rhizosphere effects in the soil to ascertain Cu 
bioavailability (Meers et al., 2007). The Cu concentrations were determined by flame atomic 
absorption spectrometer UNICAM 919, (Unicam, United Kingdom). 
Copper concentration in plant materials was determined as described by Møberg (2001). 
Exactly 0.5 g of plant samples were weighed and placed in test tubes. Five mL of HNO3 were 
added and left to react for 12 hours, and the samples were digested for two hours by heating at 
122 oC. Five mL of H2O2 were then added and left to react until the effervescence reactions 
stopped, then heated for one hour at 80 oC. Another five mL of H2O2 were once again added 
and the mixture heated for 20 minutes at 80 oC, raising the temperature to 180 oC until the 
sample dried. After cooling, 10 mL of 10% HNO3 were added to each test tube and left 
overnight. Each sample was quantitatively transferred to a 50 mL volumetric flask and made 
to volume using 10% HNO3. Copper was determined using flame atomic absorption 
spectrometry. Accuracy of Cu analysis was checked using a certified reference material for 
Cu BCR 141 R (Institute for Reference Materials and Measurements, Geel, Belgium) which 
was analyzed in parallel with the soil samples. In the analysis of the certified material, 93% 
recovery of Cu was attained. 
3.3.4 Statistical analysis of data 
Simple linear regression analysis was carried out to evaluate relationships between soil pH 
and organic carbon in the soils. Stepwise multiple linear regression analysis was carried out to 
evaluate relationships between these soil parameters and the concentrations of Cu in the 
plants, and to evaluate the relationship between the soil characteristics and the aqua 
regia/DTPA ratio. The statistical software, S-PLUS 8.0, Insightful Inc., USA was used to 
analyze the data. 
3.4 Results 
3.4.1 Variations of soil physico-chemical properties 
In general, soil pH ranged between strongly acidic and slightly basic (Table 1). These pH 
values are higher than typical for Acrisols. Soil pH is a parameter that may change both 
temporally and spatially in response to soil management. For example, in the present study, a 
difference of 1 pH unit was encountered between soils sampled collected at 0 – 5 cm depth 
from the same farm in Mwanga district. Furthermore, soil samples collected from 
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neighbouring farms in Moshi district had a pH difference of 1 unit (Table 5).  Electrical 
conductivity ranged between 0.1 mS cm-1 and 0.5 mS cm-1, signifying that none of the soils 
was salt-affected. It is apparent that the average OC (g kg-1) and CEC from Cu treated coffee 
farms are higher than in control farms.  
The high average OC level in Cu treated farms is a result of farm yard manure application by 
the coffee farmers. It is a practice that small scale farmers apply farm-yard manure in 
intercropped coffee farms, which are located close to houses that the farmers live in. 
Control farms are located far away from the farmer’s residential areas, so it is laborious to 
carry the farm-yard manure to the control farms and consequently the control farms do not 
receive the manure. Control soils for coffee plants were collected from TaCRI, where no 
organic fertilizer application had been practiced. The applied organic matter in Cu 
contaminated soils may have caused higher CEC and OC in those soils.  
Table 1: Selected chemical properties of soils used in the study 
District/Location n Mean±sd median Maximum Minimum 
 
pH 
 
Arusha 11 7.0 ± 0.4 7.1 7.4 6.2 
Hai 6 5.6 ± 0.4 5.7 6.1 5.2 
Moshi Rural 11 7.1 ± 0.4 7.2 7.8 6.8 
Mwanga 8 6.9 ± 0.4 7.0 7.3 6.3 
 
EC (mS cm-1) 
 
Arusha 11 0.2 ± 0.1 0.1 0.5 0.1 
Hai 6 0.1 ± 0.1 0.1 0.3 0.1 
Moshi Rural 11 0.2 ± 0.1 0.2 0.3 0.1 
Mwanga 8 0.3 ± 0.1 0.3 0.3 0.1 
 
CEC (cmolc kg
-1) 
 
Arusha 11 34 ± 4 34 43 28 
Hai 6 31 ± 6 31 43 26 
Moshi Rural 11 23 ± 3 22 31 22 
Mwanga 8 16 ± 3 16 22 12 
 
OC (g kg-1) 
Arusha 11 49 ± 14 47 66 25 
Hai 6 71 ± 31 85 102 25 
Moshi Rural 11 36 ± 10 39 51 18 
Mwanga 8 32 ± 14 33 48 4 
sd = standard deviation; n = number of samples 
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The rate of decomposition of organic matter in Cu contaminated soils may be lowered 
because Cu affects microbial activity (Loland and Singh, 2004b), thus leading to 
accumulation of organic matter and subsequently increasing soil CEC. Soils from Mwanga 
District, exhibited the lowest CEC and OC. The low CEC may be due to the fact that the soils 
in the areas are dominated by low activity clays (see section 1.1.6).  
3.4.2 Extractable Cu in soil samples 
DTPA or aqua regia Cu concentrations in soils have been presented in Table 2. On the 
average, soils collected from Moshi Rural had the highest DTPA extractable Cu 
concentrations followed by Arusha, Mwanga, and then Hai. The average aqua regia 
extractable Cu was the highest in Moshi Rural, followed by Mwanga and Hai. Arusha had the 
least aqua regia extractable Cu. As expected, the Cu fungicides treated soils had higher 
concentrations of Cu than the control soils. The Cu concentrations extracted using CaCl2 were 
below the detection limits of flame atomic absorption spectrometry. 
Table 2: Concentration of DTPA and aqua regia-extractable copper (mg kg-1) in the studied 
areas 
Extraction  District n Copper concentrations (mg kg-1) 
method   Mean ± sd Median Minimum Maximum  
 
DTPA 
 
Control 
 
5 
 
5 ± 1 
 
3 
 
1 
 
12 
 
 Arusha 10 132 ± 87 137 30 274  
 Hai 5 85 ± 43 101 24 133  
 Mwanga 7 106 ± 84 93 34 287  
 Moshi Rural 9 193 ± 115 205 50 366  
        
Aqua regia Control 5 29 ± 6 27 22 32  
 Arusha 10 268 ± 151 268 80 502  
 Hai 5 282 ± 95 294 158 410  
 Moshi Rural 9 415 ± 198 393 149 775  
 Mwanga 7 283 ± 267 171 81 806  
sd = standard deviation; n = number of samples 
3.4.3 Concentration of Cu in coffee, banana and bean leaves 
As explained under section 3.3.2, coffee, banana and bean leaves were sampled in farms 
where coffee was intercropped with banana and or bean plants. It was revealed that the 
average concentrations of Cu in coffee leaves from control soils was 9 mg kg-1 while those 
coffee leaves collected from the Cu contaminated farms ranged between 9 mg kg-1 in Arusha 
to 11 mg kg-1 in Hai and in Moshi Rural districts. Some coffee leaves collected from the 
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contaminated Moshi Rural district farms had a maximum Cu concentration of 27 mg kg-1 
(Table 3).  
For bean leaves, it was observed that in control sites, the concentrations of Cu was 7 mg kg-1 , 
while the bean leaves collected from the Cu contaminated sites ranged between 7 mg kg-1 in 
Arusha and 10 mg kg-1 in Mwanga districts (Table 3).  
Table 3: Concentrations of copper in coffee, banana and bean leaves (mg kg-1) 
Crop Location n 
Concentration of copper (mg kg-1) 
Mean ± sd Median Minimum Maximum 
Coffee 
Control 1 9 9 - - 
Arusha 11 9 ± 3 7 5 14 
Hai 5 11 ± 4 11 7 16 
Moshi Rural 10 11 ± 7 9 3 27 
Mwanga 6 10 ± 3 10 7 14 
       
Banana 
Control 2 3 3 3 3 
Arusha 8 5 ± 3 3 3 9 
Hai 4 8 ± 2 9 5 11 
Moshi Rural 9 6 ± 3 7 3 9 
Mwanga 6 7 ± 2 7 3 7 
       
Beans 
Control 2 7 7 3 11 
Arusha 3 7±1 8 3 9 
Moshi Rural 4 8 ±4 10 3 14 
Mwanga 2 10  10 9 11 
sd = standard deviation; n = number of samples 
 
Some bean leaves had a maximum Cu concentration of 14 mg kg-1, this being the maximum 
Cu concentration in bean leaves encountered. It was further observed that the concentrations 
of Cu in banana leaves in control soils was lower than the concentrations of Cu in banana 
leaves collected from contaminated soils. 
 
Further observations show that banana leaves collected from contaminated soils in Arusha 
had the average lowest concentrations of Cu (5 mg kg-1) while those collected from Hai 
contaminated soils had the highest average concentrations of Cu (8 mg kg-1). 
3.4.4 Relationship between concentration of Cu in soils and the concentrations of 
Cu in coffee, bean and banana leaves 
Both aqua regia-extractable Cu (p = 0.03) and organic matter contents (p=0.01) of the soils 
were significant in predicting concentrations of Cu in the banana leaves (Table 4). For bean 
leaves, however, only EC was a significant predictor variable (p=0.05). None of the soil 
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properties or soil Cu contents was significant in predicting Cu concentrations in coffee leaves. 
Further analyses show that soil organic matter and the soil pH (Figure 2) exhibited a 
significant inverse correlation (<0.01). 
 
Table 4: Stepwise regression analysis between soil properties and the concentrations of 
copper in banana and beans leaves 
Crop Parameter Value Std. Error t value Pr(|>|) 
 
Banana 
 
Intercept 
 
5.9 
 
1.6 
 
2.3 
 
0.01* 
 Aqua regia 0.01 0.002 1.7 0.03* 
 OC 1.5 0.5 2.8 0.01* 
      
Beans Intercept 3.4 1.5 2.2 0.05* 
 EC 26.9 8.5 3.2 0.05* 
*Significant at 0.05 level of significance; ** Significant at 0.01 level of significance 
 
3.5 Discussion 
3.5.1 Aqua regia-and DTPA-extractable Cu 
In most Cu fungicide-treated soils, the total concentrations of Cu exceed the normal baseline 
Cu concentrations in soils reported worldwide of 6 – 60 mg kg-1 (Kabata-Pendias and 
Pendias, 2001). Compared to these background concentrations, it is clear that Cu contents of 
all soils in coffee farms in Kilimanjaro and Arusha, Tanzania, present an environmental 
concern. The background Cu concentrations found in the present study agree with the 
background Cu concentration of 30 mg kg-1 (Komárek et al., 2009) reported for different 
areas globally. These observations support that Cu-based fungicides are the main source of Cu 
contamination in coffee fields. Furthermore, these Cu concentrations for the contaminated 
soils are in the order of the concentrations reported by Mzimba (2001) and Mwalilino (1996) 
for coffee fields. Differences in Cu concentrations encountered is a result of management 
factors such as differences in chemical application rates, frequency of application, duration 
the fields have been receiving Cu based fungicides, and, also due to differences in topography 
of the land such that sloping areas prone to erosion spread Cu to down-slope locations.  
3.5.2 CaCl2-extractable Cu 
Exchangeable Cu concentrations as assessed using CaCl2 extractions were not detected by the 
AAS used, indicating low relative availability. This is also reflected by the low concentrations 
of Cu in the sampled plant parts. The high CEC (Brun et al., 2001), OC (Cattani et al., 2006) 
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and aging effect (Jalali and Khanlari, 2008; Payne et al., 1988; Elzinga et al., 2006; Bradl, 
2004) may explain the low extractability and the low bioavailabilty of Cu encountered. Low 
extractability of Cu by Mg(NO3)2 (exchangeable fraction) has been reported by other workers 
(do Nascimento et al., 2003).  
 
 
Figure 2: Relationship between soil pH and soil organic carbon (g kg-1) 
 
3.5.3 Concentration of Cu in coffee, banana and bean leaves 
The differences in Cu concentrations in the plants observed can be attributed to several 
factors, such as levels of Cu in the soils (Brun et al., 1998; Déportes et al., 1995), the soil 
properties (Gandois et al., 2010) and differences in the bean and banana varieties used. The 
situation may be less so for the Arabica coffee as there had not been many varieties in the 
past. Currently, biotechnologically produced hybrid varieties are grown (TaCRI, 2008). 
However, these hybrid varieties were not included in the study. The low concentrations of Cu 
in coffee leaves observed in this study are comparable with those reported by dos Santos et al. 
(2009) and with the normal concentrations of healthy coffee leaves (5 to 40 mg kg-1) 
(Wrigley, 1988). Some coffee samples taken from uncontaminated soils had average Cu 
concentrations comparable with the concentrations of Cu in most Cu-based fungicide-treated 
soils. This phenomenon can be attributed to the different capacity of different soils to adsorb 
and retain Cu on the soil colloids and make it less or more available for plants uptake. 
However, some coffee leaves from Cu contaminated sites had maximum Cu concentrations 
higher by 3 fold than the concentrations of Cu in coffee leaves collected from the control 
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sites. This signifies that in Cu contaminated soils Cu may be more available for plants uptake. 
Despite these differences in Cu concentrations, the concentrations of Cu in the plants from 
both contaminated and uncontaminated sites remain within the normal concentrations of Cu in 
normal healthy coffee plants.   
The Cu concentration levels of banana leaves are comparable with critical nutrient 
requirements of 7.1 mg kg -1(Wortmann et al., 1994), and 9 mg kg-1 (Lahav and Turner, 1983 
as cited in Wortmann et al., 1994 ).   
The results for bean plants compare well with those reported by Loland and Singh (2004b)  of 
9 mg kg-1 to 14 mg kg-1 and by Mzimba (2001) of 3 mg kg-1 to 6 mg kg-1 and normal Cu 
concentrations of bean leaves at flowering of 5 mg kg-1 to 15 mg kg-1 (Fageria et al., 1991). 
Despite the elevated levels of Cu in the soil, the bean thus did not accumulate high levels of 
Cu in leaves.    
The fact that the concentrations of Cu in bean, coffee and banana were within the normal 
ranges, shows either part of the Cu was in unavailable forms as a result of soil factors (Brun et 
al., 2001) or due to the aging effects (Ma et al., 1997). In these soils, Cu had been added in 
small quantities intermittently for a long time. This may have changed the Cu to forms that 
are difficult to re-mobilize.   
3.5.4 Relationship between soil parameters and the concentrations of Cu in plants 
The positive significant relationship between OC in the soil and Cu in banana leaves may 
support the proposal that organic matter influences the Cu availability. Organic matter in soil 
may form soluble Cu-organic complexes (Ashworth and Alloway, 2008) which may lead to 
more availability of Cu. Organic matter in soils can also influence Cu availability indirectly 
by decreasing the soil pH (dos Santos et al., 2009).   
For beans, it is only EC that had a positive significant relationship (Figure 3) with the 
concentrations of Cu in the leaves (p = 0.05), R2 = 0.56. The increase in Cu concentrations in 
bean leaves as a result of increased salinity can be attributed to the fact that soluble salts of 
ions like K+, Na+, NH+4 and Ca
2+ may have competed with Cu for the sorption sites and 
consequently making the Cu more available (El-Bayaa et al., 2009; Keizer and Bruggenwert, 
1991 as cited in Römkens et al., 1996) and avail Cu for the plant uptake. Cu availability 
increases with increased soil salinity (Forstner et al. (1989) as cited by Eggleton and Thomas 
(2004).   
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Figure 3: Relationship between soil EC and concentration of copper in bean leaves 
 
3.6 Conclusions 
Soils in Kilimanjaro and Arusha regions are highly contaminated by Cu as a result of the use 
of Cu based fungicides for many years. Low levels of Cu in banana leaves and bean suggest at 
present low risks of contaminating the food web through these specific crops in the study 
areas. It is therefore recommended in view of the results of the present research, that more 
research on vertical distribution of Cu in coffee fields, effects of ionic strength on Cu 
availability, effects of aging on bioavailability of Cu, influence of different types of organic 
amendments and application rates on bioavailability of Cu, be carried out. 
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4.1 Abstract 
Soils in coffee farms may be contaminated with copper (Cu) due to intensive and long-term 
use of Cu-based fungicides. This legacy of Cu contamination may pose risks for 
contaminating lower soil layers and underground water, or contamination of food crops 
cultivated on these soils. High concentrations of Cu, greatly exceeding international standard 
levels, were found within the top 30 cm of affected soils. High Cu contents were not 
encountered in soil layers deeper than 30 cm, suggesting low mobility of Cu in the top layers. 
Cu mobility in fallow soils was more limited than in tilled soils. There was a positive 
correlation between silt content and the concentrations of Cu probably as a result of the 
association of  silt with organic matter. Potentially mobile Cu fractions (EDTA/aqua regia 
ratios), were higher in contaminated soils than in uncontaminated soils and were higher in top 
layers than in lower layers implicating higher Cu availability and consequently higher toxicity 
risks. 
4.2 Introduction 
Coffee plants are susceptible to fungal diseases, notably coffee berry disease (CBD) and 
coffee leaf rust (CLR), caused by Colletotrichum coffeanum and Hemileia vastatrix, 
respectively. Traditionally, Cu-based fungicides were used with good effect to control these 
diseases (Matthews et al., 2003). Coffee production needs high rainfalls between 1200 and 
1800 mm per year, a temperature between 15 oC and 25 oC and a relative humidity between 
60% and 80%. These ecological conditions make upland areas of Kilimanjaro suitable for 
coffee production, but also provide optimal conditions for the development of the two most 
devastating diseases, CBD and CLR.  
Due to intensive and long-term use of Cu-based fungicides in coffee farms in Kilimanjaro, 
Tanzania, high amounts of Cu have accumulated in some soils. Concentrations as high as 
2670 mg Cu kg-1 soil have been encountered in some coffee farms for soils sampled at 0 – 20 
cm depth (Mzimba, 2001). Copper is rather immobile in the soil. It is mainly confined within 
the upper few centimetres of the soil surface (Pietrzak and McPhail, 2004). It generally forms 
insoluble Cu–organic matter complexes (Mohamed et al., 2010). However, some 
decomposition products of organic matter form soluble complexes with Cu (Srivastava et al., 
2005). The soluble fractions of Cu may be leached (Ashworth and Alloway, 2004) and 
become a source of contamination of water resources (Jensen et al., 2000). Environmental 
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contamination by heavy metals causes public anxiety because these metals are potentially 
hazardous to the environment and organisms. 
When Cu is added to soils it exists in exchangeable forms and therefore has a rather high 
mobility. With time, the added Cu transforms to forms that are less soluble and less mobile 
(Brallier et al., 1996; Lu et al., 2005). The mobility of Cu in soils depends on its chemical 
forms (Mirlean et al., 2007) and it is influenced by the physico-chemical properties of the soil 
environment (Gomes et al., 2001). Soil texture (Richards et al., 1998; Deng et al., 1998), soil 
porosity, bulk density and infiltration rate (Zhang et al., 2004), hydraulic properties of the soil 
(Zhang and Lo, 2008) influence downward movement of Cu. It is well documented that soil 
pH determines the solubility of Cu in soils. Most studies show that Cu solubility decreases 
with increasing pH (Martínez and Motto, 2000). However, some studies show that Cu 
solubility may increase with increasing pH due to an increase in dissolved organic matter 
fraction and increase in its Cu affinity with increase in soil pH (Tyler and Olsson, 2001). 
Copper moved downwards and reached concentrations between 60 and 80 mg kg-1 within 15 
to 30 cm depth and 56 mg kg-1 in the 45 and 60 cm depth (Besnard et al., 2001). Significant 
downward movement of Cu, which caused water contamination, has been reported in 
Southern Brazil (Mirlean et al., 2007). 
Coffee growing areas in Kilimanjaro receive rainfall between 1300 mm and 1800 mm per 
year, which can cause leaching of soluble Cu. Information on the downward movement of Cu 
in Cu contaminated coffee fields in Tanzania is limited. To the best of our knowledge, only 
Loland and Singh (2004a) explored the vertical distribution of Cu in soils of Cu contaminated 
coffee farms in Arusha. In addition to Hai and Moshi districts, the present study covered soils 
of the Mwanga district, an area where no studies on the vertical distribution of Cu in Cu 
contaminated coffee farms have yet been reported. Furthermore, this study explored the 
movement of Cu in Cu contaminated fallow soils (more than 25 years fallow period). To our 
knowledge, this type of land use has not been studied in Tanzania as regards Cu distribution 
in relation to soil depth. The limits for total Cu concentrations allowed in soils differ from one 
country to another. For example, in The Netherlands, the limit is 36 mg kg-1 while in 
Australia and in New Zealand the limit is 60 mg kg-1. The objective of the study reported 
herein was to evaluate the downward movement of Cu in soils that have been affected by Cu 
contamination as a result of the use of Cu based fungicides in coffee cultivation and use the 
information in assessing the risk of contaminating ground water resources. We also explored 
the influence of organic matter contents and land use on downward movement of Cu. 
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4.3 Materials and methods 
4.3.1 Selection of the study areas 
Coffee growers were surveyed and data on the history of coffee growing and use of Cu-based 
fungicides were collected in a study reported in chapter 3. Cu concentrations were measured 
to determine the extent of Cu contamination in the coffee fields. Based on the results obtained 
in the survey, some farms were selected for a detailed study of the vertical distribution of Cu 
in the farms. The criteria used to select the farms were; geographical locations, soil types, 
level of Cu contamination and land use. 
4.3.2 Description of the study areas 
Study on the vertical distribution of Cu was carried out at Hai, Moshi Rural and Mwanga 
districts in Kilimanjaro region (Figure 1). At the TaCRI, located in Hai District, a profile was 
excavated on a fallow, untilled contaminated coffee farm. The fallow untilled contaminated 
coffee farm received Cu-based fungicides for 20 years. After the 20 years of Cu 
contamination, the farm was abandoned for over 25 years. Various wild plant species 
occupied the site. The Institute was spraying different types of Cu-based fungicides, such as 
copper oxychloride, and copper hydroxide, 7 to 8 times per season at the rate of 7 kg ha-1 per 
application. The growers used inorganic fertilizers such as Calcium Ammonium Nitrate 
(CAN); nitrogen, phosphorus, potassium (NPK) and urea and foliar fertilizers to fertilize 
coffee plants. A control profile was dug on a coffee field that has never received Cu-based 
fungicides. 
At Moshi Rural district, two profiles were dug. One was dug on an abandoned coffee farm 
which is now being used for banana and bean production. This farm received Cu-based 
fungicides for 63 years at the estimated spray frequency of 3 times per season and estimated 
application rate of 2.5 kg ha-1 per application. In this farm, the farmer is using cow manure to 
fertilize the field. No inorganic fertilizers have ever been used. A control profile was dug on a 
nearby maize and beans farm that has never received Cu-based fungicides.    
In Mwanga district, one profile was dug on an uncontaminated site where beans and banana 
are grown. Three profiles were dug on a Cu contaminated farm, one profile on the uphill area 
while the other two were dug downhill where the area is fairly flat. The farmer used Cu-based 
fungicides for 41 years, but he abandoned coffee farming five years ago. The field is now 
55 
 
being used for banana cultivation. The farmer applied Cu-based fungicides at the estimated 
application rate of 3.1 kg ha-1 per application, at the estimated frequency of five times per 
growing season.  
In Kilimanjaro, it is estimated that at an altitude between 1500 and 3000 m above sea level, 
around 1000 mm year-1 of water infiltrates and replenishes the regional groundwater storage 
system (Meijerink and van Wijngaarden, 1997). Msindai (2004) reported that in Kilimanjaro 
region, the ground water table is located at 42 m depth in volcanic hydrogeological areas, 33 
m depth in metamorphic hydrogeological areas and 12 m depth in sediments hydrogeological 
areas. The soil types in the study areas have been described in section 1.1.6. 
4.3.3 Soil Sampling 
In each soil profile, samples were taken at varying depths (0 – 5, 5 - 10, 10 – 30, 30 – 50, 50 – 
100 and 100 – 150 cm) to study the vertical distribution of Cu in the profiles. The samples 
were taken using a knife, collected in a shovel, mixed well on a plastic sheet and put in plastic 
bags. Samples were taken from the lowest layer (100 – 150 cm) first then upwards up to 0 – 5 
cm layers (Van Ranst et al., 1999). The soil samples were spread out on a plastic sheet in a 
well ventilated area for eight days to dry. They were ground and passed through a 2 mm 
sieve. 
4.3.4 Soil Analysis 
Laboratory analysis was carried out at the Laboratory of Analytical Chemistry and Applied 
Eco-chemistry at Ghent University, Belgium. Soil pH (pH-H2O) was measured using a glass 
electrode (Orion pH meter Model 520A, Orion, Boston, MA, USA) at the soil:water ratio of 
1:5. Electrical conductivity (EC) was determined using a conductivity meter (WTW LF 537 
electrode, (Wissenschafltich-Technischen Werkstäten, Welheim, Germany) at the 1:5 
soil:water ratio (Van Ranst et al., 1999). The solution was stirred and equilibrated for 16 
hours (Van Ranst et al. 1999). % Organic carbon (OC) was determined by the Walkley and 
Black method (Walkley and Black, 1934). Cation exchange capacity (CEC) was determined 
using the ammonium acetate (pH 7.0) saturation method (Chapman, 1965). Soil texture was 
determined by Bouyoucos hydrometer method (Procedures for Soil Analysis, 2002). The 
focus of this study was to ascertain the vertical migration of Cu. To preserve soil aggregates 
as they occur in the field, texture determination was carried out without removal of the soil 
organic matter, sesquioxides and CaCO3. 
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 Exchangeable Cu fraction was determined using 0.01M Calcium Chloride (CaCl2) extraction 
at 1:5 soil: CaCl2 solution ratio, shaken for two hours and filtered (Houba et al., 2000). 
Ammonium acetate (NH4OAc)-0.02M Ethylenediaminetetraacetic acid (EDTA) (pH 4.65) Cu 
extraction was done at 1:5 soil: NH4OAc-0.02M EDTA solution ratio, shaken for 30 minutes 
and filtered (Lakanen and Erviö, 1971). Total Cu content was determined using aqua-regia at 
1:10 soil:aqua regia ratio, heated for two hours, and filtered as described in Van Ranst et al. 
(1999). Cu concentration was determined by an inductively coupled plasma optical emission 
spectrometer (ICP-OES; Varian Vista-MPX simultaneous, Varian, Palo Alto, CA, USA).   
4.3.5 Data analysis 
Statistical Package for the Social Sciences (SPSS) 22 (SPSS Inc.) software package was used 
to carry out Pearson’s correlations analysis (p=0.01 or p=0.05) to establish interrelationships 
between the selected soil properties and Cu concentrations.    
4.4 Results  
The soils under study were generally acidic to slightly alkaline, and were variable in CEC and 
OC content (Table 5). Soil OC and soil CEC generally decreased with depth. The OC and the 
CEC at 0 - 5 cm depth in control soils were generally lower than what was observed at 0 - 5 
cm in contaminated soils. The first three layers in Mwanga and Moshi soils were relatively 
light textured. Heavier texture was observed at lower soil depths. The TaCRI soils were of 
heavy texture at all depths. In general there was a clay increase with depth in all the profiles 
(Table 6). Control farms had much lower concentrations of aqua regia-extractable Cu at 
almost all depths compared with the contaminated soils. Higher concentrations of Cu were 
observed between 0 and 30 cm depth in contaminated soils except for the TaCRI farm where 
high Cu concentrations were limited within the 10 cm depth (Table 7). If we deduct the 
average Cu concentrations in control soils from the total Cu concentrations in the soils we 
find that in Moshi and TaCRI soils, respectively, the contribution of Cu-based fungicides to 
Cu contamination is 900 and 166 mg kg-1, while in Mwanga soils the contribution ranges 
between 106 and 205 mg kg-1. 
 
 
 
57 
 
Table 5: Chemical properties of soils used in the study at different depths 
Depth/Location 0-5 5-10 10-30 30-50 50-100 100-150 
 
pH 
 
Mwanga 1 6.3 6.9 6.7 6.6 5.7 5.2 
Mwanga 2 7.3 6.4 6.5 5.9 5.5 5.4 
Mwanga 3 6.7 6.5 6.8 6.6 6.8 6.8 
Mwanga control 7.2 6.8 6.4 5.9 5.7 5.5 
Moshi Rural 7.2 7.1 6.8 6.7 6.9 7.1 
Moshi Rural  control 6.2 6.3 6.7 6.7 6.8 6.8 
TaCRI 5.9 5.6 6.1 6.5 6.6 6.6 
TaCRI control 5.3 5.3 5.9 6.2 5.9 5.6 
       
EC (µS cm-1) 
       
Mwanga 1 45 226 116 74 72 62 
Mwanga 2 386 36 47 30 26 28 
Mwanga 3 106 79 75 34 53 52 
Mwanga control 101 85 40 28 24 26 
Moshi Rural 156 143 159 89 55 64 
Moshi Rural control 53 70 42 39 39 35 
TaCRI 75 42 41 52 70 50 
TaCRI control 43 42 40 44 54 70 
       
OC (g kg-1) 
       
Mwanga 1 18 28 17 11 8 6 
Mwanga 2 36 28 6 5 1 4 
Mwanga 3 41 26 21 4 8 2 
Mwanga control 27 19 16 4 4 4 
Moshi Rural 48 46 20 6 5 4 
Moshi Rural control 21 45 22 21 1 3 
TaCRI 26 6 4 4 1 2 
TaCRI control 13 15 6 5 2 0.4 
       
CEC (cmolc kg
-1) 
       
Mwanga 1 18 23 20 18 11 11 
Mwanga 2 23 23 15 14 12 17 
Mwanga 3 23 26 20 16 15 17 
Mwanga control 22 19 19 17 16 16 
Moshi Rural 48 45 40 32 33 32 
Moshi Rural control 31 30 30 30 28 22 
TaCRI 39 38 36 37 35 31 
TaCRI control 36 34 34 33 33 32 
 
 
These Cu concentrations greatly exceed limits for total Cu concentrations allowed in soils 
(section 3.5.1). The concentrations of NH4OAc-EDTA-extractable Cu (Table 7) generally 
followed a trend similar to that of aqua regia-extractable Cu and as expected the former was 
generally lower than the latter. 
Moshi Rural district soils had the highest levels of total Cu concentrations followed by TaCRI 
and Mwanga soils. While CaCl2-extractable Cu was detected in some contaminated soils at 0 
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– 30 cm soil depth, all the control soils and the contaminated soils below the 30 cm soil depth 
had CaCl2-extractable Cu below the detection limit (0.005 mg/L or 0.0025 mg Cu kg
-1 soil). 
For the samples below the detection limit, we used half of the detection limit as a value 
(Ivezić et al., 2013). For Mwanga soils, which had received Cu input for more than 41 years, 
the CaCl2-extractable Cu gradually increased with soil depth. 
Table 6: Particle size analysis of soils used in the study at different depths 
Location Depth % Sand % Silt % Clay Textural class (USDA) 
      
 0-5 54 20 26 Sandy clay loam 
 5-10 51 24 25 
Sandy clay loam 
Mwanga Up 10-30 47 27 26 
Sandy clay loam 
 30-50 39 24 37 Clay loam 
 50-100 38 20 42 Clay 
      
 0-5 43 35 21 Loam 
Mwanga Low 5-10 50 26 24 
Sandy clay loam 
 10-30 50 27 24 
Sandy clay loam 
 30-50 53 19 29 
Sandy clay loam 
 50-100 53 26 21 
Sandy clay loam 
      
 0-5 26 44 31 Clay loam 
 5-10 28 43 29 Clay loam 
Moshi 10-30 21 41 39 Clay 
 30-50 17 37 46 Clay 
 50-100 16 32 52 Clay 
      
 0-5 15 41 42 Clay 
TaCRI 5-10 21 30 50 Clay 
 10-30 14 34 51 Clay 
 30-50 9 33 59 Clay 
 50-100 7 28 65 Clay 
 
Moshi soils with 63 years of Cu input did not show CaCl2-extractable Cu increase in the first 
three layers where as for TaCRI soils with 20 years of Cu additions there was a gradual 
decrease in CaCl2 extractable Cu with soil depth. 
The EDTA/aqua regia ratios of extractable Cu were calculated to give an indication of the 
ease of mobilization of Cu in the soils (Table 7). This ratio, referred to as a potentially mobile 
fraction, ranged from 0.1 and 0.9. In contaminated soils the ratios were higher within the top 
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three layers and, in general, decreased with soil depth. Contaminated soils had much higher 
mobilization fractions than uncontaminated soils. Below 50 cm, the potentially mobile 
fractions were 0.3 or lower in all the farms except for the contaminated soil in Moshi Rural 
district, which was 0.6. The potentially mobile fraction in uncontaminated soils was 0.4 or 
lower. Pearson’s correlation analysis (Table 8) revealed that % OC was significantly 
positively correlated with soil pH and soil EC (p = 0.05, r = 0.05), and soil EC was positively 
related with pH (p = 0.05; r = 0.6).  
Table 7: Vertical distribution of aqua regia, EDTA and CaCl2 extractable Cu  
Depth/Location 0-5 5-10 10-30 30-50 50-100 100-150 
 
Aqua regia-copper (mg kg-1) 
 
Mwanga 1 
 
154 
 
100 
 
166 
 
33 
 
25 
 
25 
Mwanga 2 83 339 297 27 26 27 
Mwanga 3 168 219 235 23 27 19 
Mwanga control 37 35 30 22 16 9 
Moshi Rural 1309 1285 326 69 42 56 
Moshi Rural control 90 66 64 50 26 23 
TaCRI 335 330 67 48 48 45 
TaCRI control 77 86 71 43 54 48 
       
EDTA-copper (mg kg-1) 
       
Mwanga 1 116 86 122 13 4 4 
Mwanga 2 45 277 265 9 7 6 
Mwanga 3 107 256 195 3 7 6 
Mwanga control 15 15 10 4 2 1 
Moshi Rural 822 880 229 25 26 32 
Moshi Rural control 33 21 15 15 5 4 
TaCRI 172 163 9 9 5 7 
TaCRI control 19 20 17 8 9 4 
       
CaCl2-copper (mg kg
-1) 
       
Mwanga 1 0.2 0.1 0.2 Nd nd nd 
Mwanga 2 0.1 0.1 0.5 Nd nd nd 
Mwanga 3 0.2 0.4 0.2 Nd nd nd 
Mwanga control nd nd nd Nd nd nd 
Moshi Rural 0.8 0.8 0.2 Nd nd nd 
Moshi Rural control nd nd nd Nd nd nd 
TaCRI 0.5 0.3 nd Nd nd nd 
TaCRI control nd nd nd Nd nd nd 
       
EDTA/aqua regia copper ratio 
       
Mwanga 1 0.8 0.9 0.7 0.4 0.2 0.2 
Mwanga 2 0.5 0.8 0.9 0.3 0.3 0.2 
Mwanga 3 0.6 0.9 0.8 0.1 0.3 0.3 
Mwanga control 0.4 0.4 0.3 0.2 0.1 0.1 
Moshi Rural 0.6 0.7 0.7 0.4 0.6 0.6 
Moshi Rural control 0.4 0.3 0.2 0.3 0.2 0.2 
TaCRI 0.5 0.5 0.1 0.2 0.1 0.2 
TaCRI control 0.2 0.2 0.2 0.2 0.2 0.1 
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4.5 Discussion 
4.5.1 Cu concentrations in different soil layers 
Normal baseline Cu concentrations in soils worldwide range between 6 - 60 mg kg-1 (Kabata-
Pendias and Pendias, 2001; Komàrek et al., 2009). Concentrations in the upper 30 cm layers 
in the contaminated soils exceed these values. This fact together with the lower concentrations 
of Cu in control soils than in contaminated soils in the present study and the higher 
concentrations of Cu in the upper layers than in the lower layers in contaminated soils, 
indicate that the applications of Cu based fungicides has strongly increased Cu contents in 
these coffee fields. Based on Australian and New Zealand Environment and Conservation 
Council, National Health and Medical Research Council, 1992, these contaminated soils 
would require further investigations as they exceed 60 mg kg-1. In the present study the low 
vertical mobility of Cu can be attributed to the high CEC and the OC contents observed in the 
upper soil layers. Contamination of lower soil layers may pose a risk of contaminating food  
web for deep rooted crops. Differences in chemical application rates, frequency of application 
and the number of years the farms have received Cu-based fungicides are reasons for the 
differences in Cu concentrations among the different farms but we do not have enough data to 
differentiate between possibilities. During interviews it was observed that farmers did not 
strictly observe the spray frequency and control chemical application rates. 
This factor and others like drift during application, chemical washing of the leaves by rain, 
input of Cu contaminated plant materials into soil, tillage and erosion, make it difficult to 
establish the relation between the duration of Cu application and accumulated Cu. 
4.5.2 Downward movement of copper   
Several observations support that Cu in TaCRI profiles did not move below the 10 cm soil 
depth. First, EDTA-extractable Cu concentrations comparable to background concentrations 
were observed from 10 cm depth onwards (Table 7). Second, lack of detection in CaCl2 
extractable Cu below 10 cm soil depth in this farm is another evidence of Cu immobility in 
this profile. This shows that Cu mobility in fallow soils is low. Soil cultivation results in 
loosening of the soil matrix and an increase of soil porosity (Lima et al., 2009) thereby 
aerating the soils. This may lead to an increase in Cu mobility. Tillage during weeding also 
inverts the soil masses such that the upper top soil is buried in lower levels with 
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contamination. Enhanced aeration may contribute to accelerate the degradation of organic 
matter, and therefore cause a release of Cu that was bound to the organic amendments 
(Stietiya and Wang, 2011). 
Consequently, plants growing in this farm and whose root systems go below 10 cm may not 
be highly susceptible to enhanced uptake of Cu. These observations indicate that it may be 
advantageous to leave the Cu contaminated former coffee plantations fallow for a couple of 
years to allow Cu to change to less mobile forms before carrying out farming that may 
involve tillage and soil disturbance. For example the soils can be used for growing natural 
pasture. This type of land utilization does not involve tillage. In so doing, deep rooted crops 
and underground waters will be less prone to Cu toxicity. 
Table 8: Relationship between selected chemical properties in different soils among different 
depths  
Parameter pH EC %OC Aqua 
regia 
EDTA CaCl2 CEC EDTA/aqua 
regia 
%Sand %Silt %Clay 
            
pH 1           
EC 0.5* 1          
%OC 0.5* 0.6** 1         
Aqua regia 0.4 0.5* 0.8** 1        
EDTA 0.4 0.5* 0.8** 0.9** 1       
CaCl2 0.2 0.4 0.8** 0.9** 0.9** 1      
CEC 0.14 0.3 0.3 0.6** 0.6** 0.6** 1     
EDTA/aqua 
regia 
0.3 0.6** 0.6** 0.4 0.4 0.4 0.04 1    
%Sand 0.1 -0.03 0.2 -0.1 -0.02 -0.01 -0.6** 0.3 1   
%Silt 0.1 0.3   0.4 0.5* 0.5* 0.5* 0.8** 0.04 -0.6* 1  
%Clay -0.2 -0.2 -0.3 -0.2 -0.2 -0.1 0.3 -0.7 -0.5* 0.3 1 
**Correlations significant at 0.01 level; *Correlations at 0.05 level 
 
Detectable CaCl2-extractable Cu concentrations at 30 cm, opposite to control soils, may 
suggest that there was some downward movement of Cu in Mwanga and in Moshi soils. The 
potentially mobile fraction of Cu, defined here as the ratio between NH4OAc-EDTA- and 
aqua-regia-extractable Cu, was higher in Moshi soils than in Mwanga soils, probably because 
of its higher total Cu load. Also the CaCl2-extractable Cu was higher in Moshi soils than in 
Mwanga soils. This gives an indication of higher Cu mobility in Moshi contaminated profile 
than in Mwanga contaminated profiles. The observations further reveal that the longer 
duration the soils were exposed to Cu contamination, the higher the Cu load it contains and 
consequently the higher the downward movement. 
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The exchangeable and soluble fraction of Cu, the soluble Cu-organic matter complexes 
(Ashworth and Alloway, 2004) and Cu adsorbed to colloidal matter in soils can move 
downwards if soil’s hydraulic properties allow infiltration and percolation of water (Mirlean 
et al., 2007; Zhang and Lo, 2008; Sayyad et al., 2010; Richards et al., 2000). The movement 
may have been facilitated by good internal drainage of Nitisols (World Reference Base for 
Soil Resources, 2006) and high rainfall (Dowdy and Volk, 1983) prevailing in the area. CaCl2 
extractable Cu which is an indication of increased Cu concentrations in soil solution was 
detected in contaminated farms. This shows that there is a potential for higher Cu uptake by 
plants if a root network of the plants is within 30 cm. This poses a risk of contaminating food 
web if the growing plants may take up excessive quantities of Cu. On the other hand, well 
drained soils like the ones used in the present study allow rapid water infiltration which in 
turn limits the equilibration between the rain water and the soil constituents to be reached. 
This limits the potential for Cu leaching to the subsoil (Naeman et al., 2009). This fact can 
partly explain the limited downward movement of Cu in the present study. 
4.5.3 Potentially mobile fraction of Cu in relation to soil depth and land use 
Higher Cu concentrations in the top soil layers than in lower layers and limited Cu mobility 
over soil depth may be responsible for the higher mobile (NH4OAc-EDTA-extractable Cu) 
fractions in the upper layers than in the lower layers. Lower layers and uncontaminated soils 
have mainly native Cu which can essentially be retrieved in the residual fraction (Lamb et al., 
2009). In general, metals in the pedogenic or lithogenic phase are less soluble than metals 
from anthropogenic origin (Kuo et al., 1983). The TaCRI stopped applying the Cu-based 
fungicides in the farm 25 years ago and the farm was left fallow and therefore undisturbed. 
This period of time may be long enough for the applied Cu to revert to less available forms. 
This difference in land utilization may be a reason for the lower movement of Cu in the 
TaCRI farm than in other contaminated, tilled profiles. The differences in Cu mobility among 
the different soils can as well be attributed to the differences in plant species growing in the 
respective farms. Different plant species have different rooting systems which in turn may 
affect downward migration of Cu. Higher downward movement of Cu in soils under 
Safflower (tap root system) than in wheat (fibrous root systems) have been reported (Sayyad 
et al., 2010). Roots of some plants may exude organic compounds that may complex Cu, 
making it more soluble in the rhizosphere soils than in the bulk soil. This may enhance the 
mobility (Bravin et al., 2009). On the other hand, the rhizosphere effects may lead to 
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precipitation of metals through increasing pH of the rhizosphere or by excreting anions such 
as phosphate (Taylor, 1991). 
 Naegoe et al. (2009) found that Cu was more mobile in disturbed soils than in undisturbed 
soils. It shows that fallowing can be important in restricting vertical migration of Cu and thus 
avoid or minimize migration of Cu to ground water. Since we have limited data for this type 
of land use, it is imperative to carry out more research on vertical migration of Cu in fallow 
farms. 
4.5.4 Interrelationship between soil parameters and CaCl2-extractable Cu  
Soil organic carbon immobilizes Cu (Narwal and Singh, 1998). Therefore, Cu in soils 
correlates positively with OC (Table 8). On the other hand, organic matter decomposition in 
Cu contaminated soils may be hindered because Cu affects microbial activity (Loland and 
Singh, 2004b), thus leading to accumulation of organic matter, which in turn enhances the 
retention of Cu. The high accumulation of Cu in the upper layers in the present study 
coincides with high OC contents and high CEC in these layers (Table 5). Fan et al. (2011) 
reported that the dominance of organic matter bound Cu indicated its role in controlling the 
fate and transport of Cu in soils.   
Rodriguez-Rubio et al. (2003) reported that the silt fraction adsorbed more Cu than sand and 
clay fractions because organic matter in soils is preferentially accumulated in the silt fraction. 
Organic matter in soils is a well known adsorbent of Cu (Srivastava et al., 2005). In the 
present study, despite the differences in the Cu contamination history and land use in soils 
studied, the silt contents correlated better with total and extractable contents of Cu than with 
clay contents (Table 8). The concentrations of Cu below 30 cm in the studied soils are still 
within the normal baseline copper concentrations in soils reported worldwide of between 6 – 
60 mg kg-1 (Kabata-Pendias and Pendias, 2001).  In the present study, silt showed a strong 
significant relationship with CEC (p = 0.01, r = 0.8). The contribution of silt fraction to CEC 
ranged between 13% to 48 % (Peinemann et al., 2000). Peinemann et al. (2000) found that the 
strong interaction of mineral material with organic matter increased the contribution of silt to 
total CEC, at the expense of the contribution by clay. They further found that if expressed on 
a specific surface area basis (mg C m-2 mineral surface), organic carbon contents were 2 - 3 
times larger in course silt fraction than clay fractions. They concluded that the silt sized 
fraction, even after complete dispersion, may be a more important physical location within 
soil matrix for organic matter stabilization than would be expected. In the present study, the 
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organic matter was not destroyed when determining the soil texture (4.3.4). Therefore its 
association with the silt fraction was not disturbed. This can be one of the reasons for the 
positive relationship between Cu concentrations and silt content in the present study because 
organic matter in soils is a well known adsorbent of copper (Srivastava et al., 2005).  
Contrary to what was expected, OC did not show a significant relationship with CEC. This 
can be attributed to the fact that the OC decreased drastically with increased soil depth while 
the CEC, which depends on the type of clay minerals present and the quantity of organic 
matter, decreased with increased depth but not as drastic as the % OC. For example in TaCRI 
soils, the OC (g/kg) decreased from 26 at 0 – 5 cm layer to 2 at 100 – 150 cm while the CEC 
(cmolc kg
-1) at the farm decreased only from 39 at 0 – 5 cm to 31 at 100 – 150 cm.  
Upon degradation, organic matter releases soluble salts (Sarwar et al. 2008) and hence 
increases soil EC. Consistent with these findings, in the present study, soil EC was positively 
correlated with OC (p = 0.01; r = 0.6). The positive correlation between OC and soil pH is in 
contrast to what was observed in Chapter 3 of the present study where a negative relationship 
was encountered (Figure 2). On the other hand, Table 12 reveals that with increased organic 
matter input to soils, soil pH significantly increased. Therefore depending on the pH of the 
organic amendment added to soil, the soil pH may increase or decrease.  Another reason for 
the positive relationship between OC and soil pH in the present study is that, with increased 
soil depth, OC drastically decreased while soil pH remained relatively stable (Table 5). 
4.6 Conclusions 
There is no evidence of an important downward migration of Cu in most contaminated soils 
in the present study. The mobile Cu fraction was higher in contaminated soil layers than in 
uncontaminated soils and generally decreased with depth. Due to low concentrations of Cu in 
soil depth below 30 cm in the studied soils, risks of contaminating underground water is 
expected to be minimal. High organic matter contents in the top layers may have immobilized 
Cu. Less anthropogenic activities such as lack of ploughing in fallow land can be a reason for 
the low Cu mobility in the farm. Therefore improvement of soil organic matter and fallowing 
can be recommended as appropriate management practices to restrict mobility of Cu in soils 
affected by long term use of Cu based fungicides. 
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Chapter 5: Influence of cattle manure, poultry manure and forest litter on copper 
solubility and bioavailabilty to Phaseolus vulgaris  
   
This chapter has been redrafted from: 
Y.H. Senkondo, F.M.G. Tack and E. Semu (available online). Influence of farm yard manure, 
poultry manure and forest litter on copper solubility and bioavailability to Phaseolus vulgaris. 
Soil Use and Management. 
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5.1 Abstract 
Long term and intensive use of Cu-based fungicides on coffee farms may contaminate soils 
with Cu. The legacy of Cu pollution may pose a risk of contaminating food crops cultivated 
on these soils. A randomized block design field experiment at Kilimanjaro, Tanzania was 
designed to investigate the effects of different application rates of cattle manure, poultry 
manure and forest litter on aqua regia-, EDTA- and CaCl2- extractable Cu in soils and Cu 
uptake by bean plants grown on this soil which was contaminated with Cu as a result of the 
use of Cu-based fungicides during more than 63 years. It was important to examine the 
potential of the organic amendments in mobilizing or immobilizing Cu and to assess the risks 
of contaminating bean crops at the studied farm, where the application of organic 
amendments was a common practice. At harvest, soils in contact with roots (rhizosphere 
soils) were collected and analyzed. The soils were found to have large concentrations of Cu, 
greatly exceeding international standard levels. Poultry manure applied at 40 ton ha-1 
significantly increased CaCl2-extractable Cu compared to the control treatment. Organic 
carbon, CEC, EDTA- extractable Cu, aqua regia-extractable Cu and Cu concentrations in 
bean seeds or in bean leaves were not significantly influenced by the organic amendments. 
The concentration of Cu was significantly less in bean seeds than in bean leaves (p<0.01). 
The bean plants did not take up excessive quantities of Cu and therefore the risk of Cu 
contamination of bean crops in this farm appeared to be small. 
5.2 Introduction 
In Kilimanjaro and Arusha regions, Cu concentrations of more than 2670 mg kg-1 soil have 
been reported from contaminated coffee farms (Mzimba, 2001). Bean plants intercropped 
with coffee on some Cu contaminated farms have been reported to accumulate Cu as high as 
842 mg kg-1 dry weight (Loland and Singh, 2004a) indicating that the food web has also been 
contaminated. 
In the coffee growing areas, farmers apply organic matter to their fields to enhance plant 
growth (Clemente et al., 2007). Freshly added organic materials such as animal manure, 
which contain soluble organic compounds, may enhance the solubility of metals (Richards et 
al., 2000) or immobilize them (Narwal and Singh, 1998). Organic amendments in the soils 
can bind up to 98% of the soluble Cu (Sauvé et al., 1997) illustrating that organic matter in 
the soils plays a very important role in Cu availability. Applied organic matter in the soil 
67 
 
improves soil properties, making them more favourable for vegetative growth (Paramasivam 
et al., 2009) and thereby reducing the concentrations of metals in plants through biological 
dilution (Tandy et al., 2009).  
The concentration of Cu in plants is related to the concentrations of Cu in soils. For example, 
Clemente et al. (2007) reported positive correlations between organic matter and DTPA Cu 
concentrations in the soil and the concentrations of Cu in Beta vulgaris grown in calcareous 
soils. Meers et al. (2007) reported positive relationships between CaCl2,- DTPA-, EDTA- and 
aqua regia -extractable Cu with the concentrations of Cu in bean leaves. When organic 
amendments with large Cu contents are applied to land, they may increase the quantity of Cu 
in soils and consequently increase Cu concentrations in soils and in plant parts (Warman et 
al., 2009; Walker et al., 2004). 
The application of organic amendments on coffee-growing farms in Kilimanjaro, Tanzania, is 
a common practice for improving soil fertility. However, the application of these materials 
potentially poses the risks of environmental contamination by trace metals (Gupta and 
Charles, 1999) and consequently leading to the contamination of the food web. Poultry litter 
may contain high concentrations of Cu, Zn and As (Moore et al., 1998). These trace metals 
are used as growth promoters or biocides in poultry feed (Sims, 1995).Consequently there is a 
need to explore the impact of organic amendments, concentrations levels of Cu in the soil on 
Cu mobility and its uptake by bean plant in a long term Cu contaminated soil. 
Copper solubility in rhizosphere soils may be different from that in the rest of the bulk soil 
due to rhizosphere effects on soil properties, especially soil pH. However, most studies on 
availability of Cu to plants have analyzed for Cu in the bulk soils and not in the rhizosphere. 
In the root environment, plant roots exude organic compounds that may complex Cu and 
make it more soluble in the rhizosphere soils than in the bulk soil (Bravin et al., 2009).  
The aim of this study was to measure the impact of organic matter amendments on Cu 
biavailability in the rhizosphere soil of Phaseolus vulgaris. The effects of different 
concentrations of Cu in cattle manure, forest litter and poultry manure on Cu concentrations 
in soils and Cu concentrations in the Phaseolus vulgaris have been explored. 
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5.3 Materials and methods 
5.3.1 Study area, soil types and history of use of Cu-based fungicides 
This study was carried out at Manushi Ndoo village in Moshi Rural district, Kilimanjaro, 
Tanzania. The area is located at the foot of Mount Kilimanjaro. The farm in which the study 
was carried out was initially used for coffee production but now the coffee farming has been 
abandoned, and the field is used for production of banana and bean. The soil type in this area 
has been described in section 1.1.6. This farm had received copper-based fungicides during 63 
years at a spray frequency of 3 times per season at the rate of 2.5 kg ha-1, but the farmer ended 
coffee cultivation 10 years ago. At this farm, the farmer now uses cattle manure to fertilize the 
field and has never used inorganic fertilizers. The farm was chosen for this study because it 
had the highest concentrations of Cu in the soils and in plants than is the case with other soils 
studied (Chapter 3). The bean crop was selected because this crop is usually intercropped with 
coffee trees, and is also grown on those farms where coffee farming has been stopped. 
Furthermore, the bean plant has been used worldwide as an indicator plant for bioavailability 
of heavy metals (Meers et al., 2007). Additionally, high concentrations of Cu of 842 mg kg-1 
as reported by Loland and Singh (2004a) in bean leaves raise alarm and warrant further 
investigations regarding transfer of high levels of copper to crops.  
5.3.2 Experimental design, planting and harvesting 
The experiment consisted of 9 treatments and a control with four replicates (n=4) arranged in 
a randomized block design. The size of each plot was 1 m2. The organic amendments were 
incorporated in the soil to approximately 10 cm depth. The types of organic amendments were 
cattle manure, poultry manure and forest litter at application rates of 10, 20 or 40 ton ha-1. 
These rates are equivalent to 0.5%, 1% and 2%, respectively. The selected chemical 
properties of the materials are presented in Table 9. 
After the organic amendments were incorporated on the plots, 10 mm water was applied after 
every two days. The equilibration time was 32 days after which 7 bean seeds per plot were 
sown. After planting, 10 mm of water was applied after every day. At day 80 after planting, 
the seeds were dry and the crops were harvested by cutting 1 cm above the soil surface. At 
harvest, each replicate was sampled separately. The 7 plants per replicate were combined to 
give a single composite sample. After harvest, the crops were separated into stems, pods and 
seeds which were then washed with tap water and rinsed with distilled water. However, only 
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seeds and leaves were analyzed for the concentration of Cu. Biomass production was not 
measured because at harvest, the plants, which were dry, had already shed some leaves which 
had started to decompose on the ground. At a senescence stage, plants always shed leaves. 
The plant samples were air-dried and then dried in the oven at 60 0C for 48 hours. At harvest, 
soils in contact with the roots, considered as rhizosphere soils from each of the 7 plants per 
replicate were collected and composited to form a single sample per replicate. Soil collection 
was achieved by loosening the soil around the bean roots which had been excavated using a 
shovel followed by taking out the roots slowly and carefully. The roots were then shaken and 
the soil attached to the roots was collected.  
Table 9: Chemical properties of organic amendments used in the study 
Parameter Cattle manure Poultry manure Forest litter 
pH 8.6 7.8 7.6 
EC (mS cm-1) 9.6 4 2 
Aqua regia extractable Cu (mg kg-1) 11 24 14 
EDTA extractable Cu (mg kg-1) 5.5 9.9 5.3 
CaCl2 extractable Cu (mg kg
-1) 0.5 4.4 0.4 
 
5.3.3 Chemical analysis of soil and plant samples 
The soil samples were first spread out on a plastic sheet in a well ventilated area for 8 days to 
air dry and then the samples were ground and passed through a 2 mm sieve at the Tanzania 
Coffee Research Institute (TaCRI), Tanzania. Chemical analysis was carried out at the 
Laboratory of Analytical Chemistry and Applied Ecochemistry, Ghent University. Soil pH, 
EC, CEC, OC, CaCl2-, and EDTA-extractable Cu and total Cu contents were determined. The 
methods were described earlier (see section 4.3.4 soil analysis). 
Harvested plant samples were air dried for seven days, oven dried at 60 oC then ground and 
passed through a 1 mm sieve. The samples were mixed with 20 mL of concentrated HNO3 
and heated at 150 oC for two hours. One mL of H2O2 was added before heating and after each 
30 minutes of heating for a total of 4 mL. After cooling, the solutions were filtered in 25 mL 
volumetric flasks and made to the volume using 2 M HNO3. The concentration of Cu was 
determined by ICP-OES.   
To ascertain the accuracy of aqua regia extraction, a certified soil reference material for Cu 
(BCR 141 R) was analyzed in parallel with the soil samples. In the analysis of the certified 
material, 97% recovery of Cu was attained. Furthermore, a standard reference material, rye 
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grass referenced BCR 281 was analyzed in parallel with the plant samples and 92% recovery 
was attained. 
5.3.4 Statistical analysis 
The data were analyzed using S-PLUS software (S-PLUS 8.0, Insightful Inc., USA). Analysis 
of variance (ANOVA) was carried out to evaluate the influence of the three organic 
amendments treatments on soil pH, EC, OC; CaCl2- EDTA- and aqua regia-extractable Cu. 
Furthermore, the ANOVA was carried out to assess the influence of the organic matter 
amendments on the concentrations of Cu in bean seeds and in bean leaves. Multiple 
comparisons of means were carried out using Tukey’s method (p=0.05). Additionally, the 
paired t test (p=0.01) was carried out to compare the concentrations of Cu in bean leaves and 
those in bean seeds. 
5.4 Results 
5.4.1 Influence of organic amendments on selected soil chemical properties 
The rhizosphere soils of bean plants were non saline and neutral with high CEC and organic 
carbon (Table 10). The three organic amendments added to the soils had varied effects on soil 
pH (Table 10). The pH of all the organic matter amended treatments did not differ 
significantly from the pH of the control treatment. The three organic amendments had varied 
effects on soil EC (Table 10). Cattle manure at greater rates significantly increased the soil 
EC, whereas the EC in poultry manure and in forest litter treatments was not significantly 
affected by the increased rates. The organic amendments and their different application rates 
did not significantly affect CEC (p=0.5) or organic carbon (p=0.5). 
5.4.2 Effects of organic amendments on CaCl2-, EDTA- and aqua regia-
extractable Cu 
The effects of the three organic amendments on CaCl2-extractable Cu are presented in Table 
10. It was observed that the organic amendments added to soils had varried effects on CaCl2-
extractable Cu (p=0.05). Of all the organic amended treatments, it was only the poultry 
manure treatment at 40 ton ha-1 that had significantly more CaCl2-extractable Cu compared to 
the control treatment. CaCl2-extractable Cu in the other treatments did not differ significantly 
from the control treatment. CaCl2-extractable Cu in poultry manure at 40 ton ha
-1 was 
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significantly greater than the cattle manure treatment at 10 and 20 ton ha-1 and in all the forest 
litter treatments.  
5.4.3 Influence of organic amendments on Cu concentrations in bean seeds and in 
bean leaves 
The three organic amendments and their different application rates did not significantly 
influence the concentrations of Cu in bean seeds (p=0.3) or bean leaves (p=0.8). The bean 
leaves accumulated higher concentrations of Cu than the bean seeds (p<0.01). 
Table 10: Influence of organic amendments and application rates on soil pH, EC (1/5 
soil/water ratio), cation exchange capacity (CEC), organic carbon (OC), CaCl2, EDTA and 
aqua regia extractable Cu and Cu concentrations in bean leaves and in bean seeds 
Treatment pH EC  
 
(µS/cm) 
CEC  
 
(cmolc kg
-1) 
OC ± sd 
 
(g/kg) 
CaCl2-Cu  
 
(mg/kg) 
Aqua regia 
Cu (mg/kg) 
EDTA Cu 
(mg/kg) 
Bean 
seeds Cu 
(mg/kg) 
Bean 
leaves 
Cu 
(mg/kg) 
Control 7.0ad ± 0.1 130 c 48a ± 0.5 49a ± 4 0.4 b ± 0.1 1129a ± 174 663a ± 125 9a ± 0.8 13a ± 1.5 
CM 10 7.2ab ± 0.1 243 bc 48a ± 0.5 48a ± 8 0.5 b ± 0.1 1088a ± 111 672a ± 72 8a ± 0.5 13a ± 3.6 
CM 20 7.3a ± 0.2 255 ab 48a ± 0.6 52a ± 5 0.4 b ± 0.1 1136a ± 126 643a ± 83 12a ± 1.2 15a ± 3.2  
CM 40 7.3a ± 0.1 328 a 48a ± 0.6 51a ± 4 0.6 ab ± 0.1 1117a ± 119 749a ± 67 9a ± 1.2 14a ± 1.0 
PM 10 6.9ad ± 0.1 199 bc 48a ± 0.6 46a ± 4 0.6 ab ± 0.1 1055a ± 135 588a ± 97 8a ± 1.6 17a ± 5.3 
PM 20 6.9ad ± 0.2 192 bc 48a ± 0.6 49a ± 7 0.6 ab ± 0.1 995a   ± 129 621a ± 142 8a ± 0.6 14a ± 2.4 
PM 40 7.2ac ± 0.2 262 ab 47a ± 1.2 54a ± 2 0.8 a ± 0.1 1054a ± 88 603a ± 58 9a ± 0.9 15a ± 3.2 
FL 10 6.8cd ± 0.2 120 c 48a ± 0.6 45a ± 1 0.5 b ± 0.1 1051a ± 62 574a ± 64 8a ± 1.0 16a ± 3.8 
FL 20 6.8cd ± 0.3 130 c 48a ± 0.5 49a ± 6 0.4 b ± 0.1 1075a ± 124 607a ± 82 9a ± 1.2 15a ± 2.4 
FL 40 6.7cd ± 0.2 140 c 49a ± 0.1 53a ± 3 0.5 b ± 0.2 1080a ± 179 562a ± 81 9a ± 2.0 15a ± 7.5 
The values are averages of four replications. The same letters in the same column are not statistically different 
(p=0.05) according to Tukey’s method of means comparison. 
 
5.5 Discussion 
5.5.1 Effects of organic amendments on soil properties   
The total concentrations of Cu in the studied soils exceeded the normal baseline Cu 
concentrations in soils reported worldwide, i.e., between 6 – 60 mg kg-1 (Kabata-Pendias and 
Pendias, 2001). The pH of organic amendments added to soils can influence the pH of the 
soil. Cattle manure had higher pH than forest litter (Table 9). Soil from cattle manure 
treatments had higher pH values than was the case with that from forest litter treatments.   
5.5.2 Effects of organic amendments and soil pH on CaCl2- extractable Cu 
Aging may profoundly affect Cu solubility (Jalali and Khanlari, 2008; Wang and Staunton, 
2006). In soils where Cu was added in small quantities intermittently and allowed to 
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equilibrate for more than 50 years, similar to the soils in the present study, Cu may be 
reverted to fractions that are less prone to be re-mobilized (Brallier et al., 1996; Lu et al., 
2005). Addition of organic amendments may increase soil organic matter (Komarek et al., 
2010), and accordingly lead to the formation of Cu-organic complexes which are insoluble. 
Copper immobilization effects of cattle manure have been observed by Loland and Singh 
(2004b) in glasshouse experiments. Li et al. (2009) observed decreased Cu solubility as a 
result of increased rates of pig manure and peat application. On the other hand, the addition of 
organic matter to soils may add soluble organics and increase Cu solubility as Cu-organic 
complexes (Hernandez-Soriano and Jimenez-Lopez, 2012). However, in the present study, the 
added organic matter did not significantly affect Cu solubility in the soils. This shows that the 
quantity of organic matter added perhaps was not high enough to significantly increase the 
formation of Cu-organic soluble complexes or Cu-organic insoluble complexes. Results 
reported in chapter six support this hypothesis. This may be another reason for the lack of 
significant effects of the organic amendments on Cu solubility. 
The standard deviations calculated for each treatment for organic carbon were high in most 
treatments (see Table 10). The high standard deviation in OC contents in the treatments can 
be associated with non-uniform application of organic amendments by farmers. It is a 
common practice for farmers to apply farmyard manure through broadcasting. This way of 
organic matter application does not guarantee uniform spread of the manure on soils to the 
extent that different portions of the soils receive different quantities of the manure. This can 
be a reason for the insignificant increase in OC among the treatments.     
The joint effects of the soil properties (Walker et al., 2003) such as the high levels of organic 
carbon (Salam and Helmke, 1998), CEC (Brun et al., 1998) and the neutral pH range among 
the treatments may also have played a role in causing insignificant effects of the organic  
amendments on copper solubility in the soils in the present study. Lack of significant effects 
on the mobilization or immobilization of Cu by the cattle manure can as well be attributed to 
the insignificant effects of the manure on OC and on CEC levels in the soil and their limited, 
although statistically significant, effect on soil pH.   
Materials containing large amounts of Cu have been reported to increase the soluble contents 
of Cu in soils (Moore et. al., 1998). As reported by Toor and Haggard (2009), the 
concentrations of Cu in the soils treated with poultry manure were greater than the 
concentrations of Cu in the control treatments. In line with the findings in the current study, 
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poultry manure that had the greatest Cu content (Table 9) showed significantly more CaCl2 
extractable Cu especially at higher rates (Table 10). This signifies that the use of poultry 
manure may be an important source of soluble Cu in soils. However, this increase in Cu 
solubility did not cause any significant effects on Cu concentrations in either bean seeds or 
bean leaves.   
5.5.3 Effects of organic amendments and CaCl2-extractable Cu on Cu 
concentrations in bean seeds and in bean leaves 
Organic amendments added to soils may lead to the formation of insoluble Cu-organo 
complexes (Ross, 1994) and reduce Cu bioavailability. On the other hand, the organic 
amendments may lead to the formation of soluble Cu-organo complexes and enhance Cu 
bioavailability (Warman et al., 2009). However in the present study, the addition of organic 
amendments did not significantly affect the concentration of Cu in bean leaves and in bean 
seeds (Table 10). This phenomenon may be a reflection of insignificant change in the 
concentration of EDTA- and or CaCl2-extractable Cu among the treatments. Similar 
phenomenon has been reported by Warman et al. (2009) for winter squash, Chaignon et al. 
(2003) for tomato and Sims and Kline (1991) for wheat and soybean.  
Organic amendments containing high levels of Cu may enhance Cu bioavailability to plants 
(Warman et al., 2009; Walker et al., 2004). However in the present study, materials such as 
poultry litter did not cause a significant increase in the Cu concentrations of bean leaves or 
bean seeds. Despite the large Cu contents of the soils, bean plants showed no elevation of the 
Cu content in their leaves and seeds (Table 10). Exchangeable Cu concentrations as assessed 
using CaCl2 extraction were very low indicating low availability. This can explain the low 
uptake of Cu by the bean plant.   Consistent with this fact, during the entire plant growth in 
the present study, no toxicity signs were observed on the bean aerial parts. In the present 
study, Cu concentrations in the bean roots were not analyzed because of the difficulties in 
collecting the root hair biomass. This is because the bean plants were sown on the soils 
making it difficult to collect considerable quantities of the roots. 
Commonly, Cu concentration in seeds is significantly less than Cu concentrations in leaves. 
For example Payne et al., (1988) reported to have observed higher concentrations of Cu in 
maize leaves than in maize seeds. In another study, Tani and Barrington, (2005) reported 
higher concentrations of Cu in wheat leaves than in wheat seeds. Similarly in the present 
study, bean leaves accumulated significantly greater concentrations of Cu than the seeds. This 
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suggests that plants have a mechanism for protecting seeds which are edible part of the crop 
from taking up excessive quantities of copper (McBride, 2001). 
5.5.4 Contamination of the food web 
The concentrations of Cu reported for most crops in plant tissues range from 5 to 20 mg kg-1. 
Copper concentrations less than 4 mg kg-1 are considered as deficient while concentrations of 
more than 20 mg kg-1 are considered toxic (Jones, 1972). Copper toxicity in bean plants occur 
when concentrations of Cu in bean shoots exceed 20 mg Cu kg-1 dry weight (Shainberg et al., 
2001; Cook et al., 1997). The concentrations of Cu in bean leaves observed in this study were 
17 mg kg-1 and below. Therefore toxicity thresholds for Cu have not been reached. 
Observations in Chapter 3 reveal that the concentrations of Cu in bean leaves from 
uncontaminated farms in Kilimanjaro region ranged from 3 to 11 mg kg-1 dry weight, while in 
this study the concentrations of Cu in bean leaves ranged from 13 to 17 mg kg-1. Therefore, 
the increase is from 1.6 to 4 fold. It is evident that the beans grown in Cu contaminated soils 
accumulated more Cu compared with beans grown on uncontaminated farms in Chapter 3. 
Still the concentrations of Cu in the bean plant parts were not excessive. 
5.6 Conclusion 
Organic amendments used in the study did not affect the bioavailability of Cu to bean crops 
and therefore the concentrations of Cu in the bean seeds and leaves remained within the 
normal concentration ranges. High rates of poultry manure increased soluble Cu quantities in 
the soils but they did not increase Cu concentrations in the bean leaves. The present study 
shows that bean crops do not accumulate high quantities of Cu and therefore the hazards 
related to excessive uptake of Cu appear to be very limited.  
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Chapter 6: Influence of inorganic fertilizers and cattle manure on copper 
availability to Phaseolus vulgaris 
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6.1 Abstract 
This study explores the effects of inorganic fertilizers, cattle manure and their interaction 
effects on Cu availability to bean (Phaseolus vulgaris) with the purpose of including the 
information obtained in the risk assessment studies. A pot experiment was carried out in a 
glass house at the TaCRI using long-term Cu contaminated soils collected from Moshi Rural 
and Mwanga districts in Kilimanjaro, Tanzania. Air dried cattle manure was applied at two 
rates: 7.5% and 15%. In addition, a control experiment was included. The cattle manure was 
applied both with and without inorganic fertilization. The results show that cattle manure 
significantly increased soil pH, EC and water extractable organic carbon (WEOC) in both soil 
types. In Mwanga soil, neither inorganic fertilizers nor cattle manure had a significant effect 
on EDTA-extractable Cu. Fifteen percent of cattle manure application in Moshi soils 
decreased the EDTA-extractable Cu compared with the control treatment. The highest 
concentration of Cu in bean shoots was observed in the soils treated with inorganic fertilizers 
but without cattle manure in Moshi soils. Cattle manure at 7.5% and 15% in Moshi soils 
significantly reduced the concentrations of Cu in bean shoots compared with the control 
treatment while in Mwanga soils the cattle manure had no significant effects at both 
application rates. Bean shoots did not take up excessive quantities of Cu and therefore risks of 
growing beans on the soils studied appear to be low.  
6.2 Introduction 
In Cu contaminated farms, shallow rooted crops like beans extract water and dissolved 
nutrients from Cu contaminated soil layers. In most traditional systems, the soil is the main 
source of essential nutrients for the crops. Under extensive systems of crop production, where 
nutrient mining and nutrient exports are low, the deterioration of soil fertility is not fast 
(Tiwari et al., 2010). Under coffee production systems, especially by small scale farmers, 
organic matter from coffee leaves and epicarps are returned to the soil (dos Santos et al., 
2009). Banana leaves are used as mulching materials to conserve water and control weeds 
(Loland and Singh, 2004b). Upon degradation, these organic residues release nutrients that 
are taken up by the growing crops. Thus, the system is sustained and most farmers could 
continue growing coffee for a long time without a need for inorganic fertilisers. 
With increased intensity of farming in coffee growing areas, the soils face an accelerated 
decline of chemical fertility. Accordingly, the use of inorganic fertilizers becomes inevitable. 
Farmers in Kilimanjaro have started to use inorganic fertilizers in Cu contaminated farms. 
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Inorganic fertilisers improve chemical fertility of the soils and increase crop production (Shen 
et al., 2004). The addition of inorganic fertilisers, especially those containing exchangeable 
bases like Ca, Mg, and K, may change the EC and ionic strength of the soil solution and thus 
affect ion exchange reactions in the soil (El Bayaa et al., 2009; Kashem and Singh, 2002). As 
reported by El Bayaa et al. (2009), an increase of K+, Na+ and NH4
+ concentrations in soils 
increases the competition between Cu and the ions on the adsorbent surfaces, and thereby Cu 
solubility. Adebowale et al. (2005) also report on the exchange of adsorbed Cu by NH4
+. 
KH2PO4 decreases Cu mobility due to the formation of insoluble Cu-phosphates (Liu et al., 
2007). Li et al. (2007) did not find any significant differences in Cu concentrations between 
inorganic fertilizers and organic manure by maize and wheat. Some studies have shown that 
fertilized soils lead to lower concentrations of toxic metals in the plant tissues (Merry et al., 
1986a) due to competition for uptake at the root surface or as a result of enhanced growth 
which causes dilution of the metal in the plant’s tissues. 
Apart from the inorganic fertilisers, organic compounds formed during the decomposition of 
soil organic matter can enhance Cu mobility (Hernandez-Soriano and Jimenez-Lopez, 2012) 
or can immobilise Cu (Ross, 1994; Almås et al., 1999). Mineralization of plant residues and 
the subsequent release of K+, Na+ and NH4
+ can also increase Cu solubility (El-Bayaa et al., 
2009). 
Metal toxicity mostly occurs as a result of human activities, for example through application 
of fertilizers or metal-based fungicides. Soil pH has a strong influence on metal solubility 
(McBride et al., 1997). Human activities that lower soil pH can cause metal toxicities, even if 
no additional metals have been introduced to the system (Robinson et al., 1995). However, 
little relationship between soil pH and Cu concentration in the soil solution has been reported 
(McGrath et al., 1988; Sauvé et al., 1997) due to the strong affinity of Cu for organic matter 
(Norvell, 1991). In Cu contaminated soils, more than 98% of the Cu in the soil solution was 
bound to organic complexes, regardless of pH (Sauvé et al., 1997) and this complexation 
reaction immobilizes Cu (McBride et al., 1997). Also, in a different range of soils, 
approximately 95% of soil solution Cu was complexed with organic matter, irrespective of pH 
(Fotovat et al., 1997). The COO- groups in both solid and dissolved organic matter form stable 
complexes with metals (Stevenson, 1976). Other soil properties which have an effect on metal 
bioavailability include the total contents of metal, clay and hydrous oxide, and redox 
conditions (Reichman, 2002). These soil factors dictate the fraction of total metals that will be 
in solution. Therefore, whereas the total metal provides the maximum pool of metal in the 
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soil, other soil factors have a great significance in determining how much of this soil pool will 
be available to plants (Wolt, 1994). Differences in clay and hydrous oxide contents among 
soils account for differences in sites for adsorption of metals thus affecting directly 
bioavailable metal among soils (Shuman, 1975). 
The most commonly used methods to determine the nature of the soil solution and the ability 
of the soil to replenish metals are those which use chelates such as EDTA. These tests were 
shown to be useful in predicting plant metal deficiencies, but they do not seem to correlate 
very well with metal toxicity in plants (Merry et al., 1986b). While strong correlations 
between plant growth and chelator extractant tests have been reported at toxicity levels, the 
relationships obtained have generally only been applicable to a single soil type (Plenderleith 
and Bell, 1990). The explanation for this may require the factoring in of parameters such as 
the relative toxicity of different metal species, the interaction with other ions, e.g. Ca2+ (Vega 
et al., 1992; Kinraide, 1998), the ionic strength of the soil solution (Kelly et al., 1990), the 
effect of organic matter (Sims, 1986), and possibly other plant-related factors (Jarvis and 
Whitehead, 1981). 
Chelating extractants fail to correlate well with plant toxicity for several reasons. At toxic 
levels, the metal concentrations may exceed the chelating ability of the extractant (Bell, 
1986). This makes such methods insensitive to increases in metal contents. Chelating 
extractant tests were carried out on soils with low organic matter contents (Lindsay and 
Norvell, 1978), but were not correlated for soils with high organic contents (Reichman, 2002). 
According to Foy et al. (1978), a large proportion of the Cu absorbed by plants is retained in 
the roots of plants treated with Cu. In such cases, root growth was significantly reduced and 
root damage was evident. On day 4 of the treatment with 100 µM Cu, Cu accumulated in the 
bean root, stem and leaf tissue (Yurekli and Porgali, 2006). This accumulation was highest in 
the root tissues, possibly as a result of a tolerance mechanism developed by the plant in order 
to reduce heavy metal stress. Some Cu-tolerant plants prevent Cu from reaching their stems 
and leaves by keeping it in their roots; others are not tolerant to Cu and do not have such a 
mechanism and higher amounts of metals are translocated from roots to stems (Fernandez and 
Henriquez, 1991). Limitation in the transfer of Cu to stems and leaves has been suggested as a 
way to explain Cu tolerance in some plants (Ouzounidou, 1994). High concentrations of 
heavy metals have been reported in metal-tolerant plants (Wu et al., 1975). 
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The effects of basic cations like K+, Na+, Mg2+ and Ca2+ on the bioavailabilty of Cu in 
agricultural fields can hardly be found in the literature. Most research on the influence of 
inorganic fertilizers on Cu bioavailability explored the effects of one or two cations on Cu 
bioavailability mainly for plant nutrition studies for example Agbenin (2003); Mottaghian et 
al. (2008); Li et al. (2007). Information on the influence of inorganic fertilizers and the 
interaction between the fertilizers and organic manure on Cu bioavailability is scant especially 
in long term Cu contaminated soils. A number of studies that explored the effects of organic 
fertilizers on Cu bioavailability used organic materials that have high concentrations of Cu, 
for example Mottaghian et al. (2008), Warman et al. (2009) and Walker et al. (2004). In order 
to study the effects of organic manure on Cu bioavailability, it is important to use organic 
materials containing low levels of Cu, like the one used in the present study. If rational 
judgments are to be made about how to make use of such potentially toxic soils, an 
understanding is required of plant responses, plant sensitivities and tolerances, and the 
substrate factors affecting plant responses to Cu toxicity (Reichman, 2002). The current study, 
therefore, examined the effects of two levels of cow manure, including a control, one rate of 
inorganic fertilizers and their interaction on Cu bioavailabilty to bean crop. Furthermore, the 
effects of cow manure, inorganic fertilizers and their interaction on soil pH, EC, WEOC, 
CaCl2-extractable Cu and EDTA-extractable Cu were explored. This knowledge is important 
in assessing the risk of using the soils on these former coffee plantations for cropping and 
food production. The possible mechanisms involved in the uptake of Cu by bean shoots have 
been discussed.  
6.3 Materials and methods 
6.3.1 Description of the study areas 
Soils were collected from farms in Mwanga and Moshi Rural districts in Kilimanjaro region, 
Tanzania, where Cu-based fungicides have been used for a long time. Moshi soils were 
collected from Manushi Ndoo village from a farmer who applied Cu-based fungicides during 
63 years. The farmer not only stopped the cultivation of coffee but also the use of Cu-based 
fungicides. The farm is currently used for the production of banana and bean. Mwanga soils 
were collected from Raa village. The farmer in this village is still producing coffee, and has 
been using Cu-based fungicides for about 50 years up to the time of soil sampling. In addition 
to coffee production, the farmer is using the same piece of land for the production of banana. 
The selected physical and chemical properties of the soils used in the study are presented in 
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Table 11. Both soils are clay in texture, determined using a pipette method (Procedures for 
Soil Analysis, 2002) and have medium levels of organic carbon and CEC. Each soil was air 
dried, homogenised and sieved through a 2 mm sieve and used to grow beans in a glass house 
as explained below. Moshi soils are highly Cu contaminated while Mwanga soils are 
moderately contaminated. The glass house experiments were undertaken at the Tanzania 
Coffee Research Institute (TaCRI), based in Hai District, Kilimanjaro, Tanzania. The soil 
types have been described in section 1.1.6. 
Table 11: Physical and chemical properties of soils used in the study 
Soil  
type 
Exchangeable bases and cation 
exchange capacity (cmolc kg
-1) 
 Total Cu           
(mg kg-1) 
 Available P       
(mg kg-1) 
OC 
(%) 
 Texture                 
(%) 
 Ca2+ Mg2+ K+ Na+ CEC       Clay Silt Sand 
Moshi 20 4.3 4.3 0.8 42  984  18 4.5  63.2 18.8 18 
Mwanga 11 0.5 2.5 1 30  200  7 3.8  45.2 28.8 26 
 
6.3.2 Soil collection 
Soils used in this study for Moshi soils was collected from the field at Manushi Ndoo village 
where the field experiment reported in Chapter 5 was carried out. Top 20 cm soils were 
collected from different points in the farm using a shovel. The soils were mixed together 
thoroughly, dried and passed through a 2 mm sieve. About 60 kg of dry soil was collected. 
This soil was also used in the experiment reported in Chapter 7 as Moshi soils. The Mwanga 
soils were collected from Mwanga district, Raa village. This soil type was used in the 
experiment reported in Chapter 7 as Mwanga soils. The same methodology for soil collection 
as for Moshi soils was employed. 
6.3.3 Experimental design 
A factorial experiment was set-up involving the two soils. Cattle manure (CM) was added at 
two levels, 7.5% and 15 % (w/w), on a dry weight basis and one rate of inorganic fertilizers 
(INORG), which is detailed below. Treatments without addition of organic matter and/or 
inorganic fertilizers applications were as well included in the experiment. The experimental 
layout was a randomized design with three replicates. Each treatment involved 500 g of air 
dried soil, sieved through a 2 mm sieve and then placed in 1 L plastic containers. The soils 
were mixed and homogenized with different rates of cattle manure then mixed with 25% 
(w/v) of distilled water and incubated for 78 days. The containers were covered by plastic 
bags to prevent the evaporation of water. Inorganic fertilizers were added and the soils 
incubated for another seven days before sowing the bean seeds. Two bean seeds per pot were 
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sown. After five weeks of plant growth, the plants reached a flowering stage and the shoots 
were harvested, washed with distilled water, dried, weighed and ground using a laboratory 
grinding mill. Homogenised soil samples of about 100 g for laboratory analysis were taken 
using a spatula. These soil samples were taken at the time of planting. 
6.3.4 Materials used in the experiment 
Cattle manure 
The cow manure was characterised by pH of 8.6 and an EC of 9.6 mS cm-1. The aqua regia- 
and CaCl2- extractable Cu concentrations were 11 and 0.5 mg Cu kg
-1 dry weight, 
respectively. The methods were described earlier (see section 4.3.4).  
Inorganic fertilizers 
The inorganic fertilizers which were used in the study included (1) nitrogen phosphorus and 
potassium (NPK) 15:15:15 at the rate of 0.8 g kg-1 soil, (2) calcium nitrate (Ca(NO3)2) (15.5% 
N and 19% Ca) each at 0.8 g kg-1 soil., (3) diammonium phosphate (DAP) 18:46:0 at the rate 
of 3.2 g kg-1 soil and (4) potassium nitrate (KNO3) (13%N, 36%K) at the rate of 1.6 g kg
-1 
soil. These rates are equivalent to 50 kg ha-1, 200 kg ha-1, 50 kg ha-1 and 100 kg ha-1 
Ca(NO3)2, DAP, NPK and KNO3, respectively. In total, 58 kg N ha
-1, 97.5 kg P ha-1, 43.5 kg 
K ha-1 and 9.5 kg Ca ha-1 were applied. These are the recommended rates for bean crop in 
Moshi Rural district (Mvungi, personal communication). These fertilizer materials were 
combined together to supply the macro nutrients, Ca, K, N and P which are essential 
nutrients.  
6.3.5 Chemical analysis of soil and plant samples  
The determination of soil pH (water), EC, OC, CEC, CaCl2-, EDTA- or aqua regia- 
extractable Cu has been described in section 4.3.4 and the concentrations of Cu in plant 
samples have been elaborated in section 5.3.3. 
Water extractable organic carbon (WEOC) was determined as follows: Five grams of soil 
samples were mixed with 25 g of water in a bottle and shaken in a mechanical shaker for 24 
hours and filtered using Chromafil filters, RC-45/25, of 0.45µm pore size. The solution was 
analyzed using the TOC analyzer (TOC-VCPH/CPN for TOC control V ver 2, Shimadzu 
Corporation, Kyoto, Japan). The concentration of the WEOC was converted to mg kg-1 soil. 
 
82 
 
6.3.6 Quality control 
Standard solutions which were prepared from standardised metal stock solutions (Merck, 
Darmstadt, Germany) were used for calibration. The detection limit was defined and 
calculated according to Hubaux and Vos (1970) (ISO 11843-2:2000) using four standards 
measured three times. To ascertain the accuracy of the ICP OES and the analytical procedures 
used, a standard reference material, rye grass referenced BCR 281, was analyzed in parallel 
with the plant samples. A recovery of 92% was obtained. 
6.3.7 Data analysis 
ANOVA was carried out to detect the significance of factors on the concentrations of Cu in 
bean shoots, the dry matter production, soil pH, EC, WEOC and changes in CaCl2- or EDTA- 
extractable Cu. Where the treatments showed significant differences based on F test, Tukey’s 
method (p=0.05) was used to evaluate the significance of difference among the treatments. 
6.4 Results 
6.4.1 Influence of cattle manure and the inorganic fertilizers on soil pH and EC 
The chemical properties of the soils after they were treated with inorganic fertilizers and/ or 
cattle manure are presented in Table 12. Soil pH was significantly increased by the main 
effects of cattle manure in both Mwanga and Moshi soils. Manure application is expected to 
increase soil pH in acidic or neutral soils. Inorganic fertilizers had no significant effects on 
soil pH. The increase in soil pH matched with the increase in CaCl2-extractable Cu in both 
soils (Table 12). A decrease in EDTA-extractable Cu corresponded with an increase in soil 
pH in Moshi soils. Cattle manure significantly increased soil EC in both soils, whereas 
inorganic fertilizers did not have any significant influence on the measured soil properties. An 
increase of soil EC is expected if EC of the organic materials added is higher than the EC of 
the soil. 
6.4.2 Influence of cattle manure and inorganic fertilizers on CaCl2 and on EDTA 
extractable Cu 
Cattle manure significantly increased the CaCl2-extractable Cu in both Moshi and Mwanga 
soils. The main effects of cattle manure significantly decreased the EDTA-extractable Cu for 
Moshi soils at high rates while for Mwanga soils no significant effect was observed at both 
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rates (Table 12). There were no significant interaction effects of cattle manure and inorganic 
fertilizers on CaCl2-extractable Cu in both soils. 
Table 12: Soil properties and extractable Cu 
 
Treatment 
  
pH 
 
EC             
(µS cm-1) 
 
CaCl2 extractable 
Cu (mg kg-1) 
 
EDTA extractable 
Cu (mg kg-1) 
      
Moshi soils 
      
0% CM + INOR  6.4b 384d 0.9b 686a 
7.5% CM + INOR  6.5ab 1171c 1.1ab 662ab  
15% CM + INOR  6.7a 1745a 1.3a 624bc  
Control  6.3b 367d 0.9b 698a  
7.5% CM + 0 INOR  6.5ab 1112c 1.1ab 686a  
15% CM + 0 INOR  6.8a 1479b 1.2ab 652ac  
      
Mwanga soil 
       
0% CM + INOR  6.2c 327c 0.1c 100a  
7.5% CM + INOR  6.8b 1133b 0.3b 96a  
15% CM + INOR  7.2a 1716a 0.5a 90a  
Control  6.2c 349c 0.1c 97a  
7.5% CM + 0 INOR  6.8b 1109b 0.3b 86a  
15% CM + 0 INOR  7.2a 1954a 0.5a 82a 
Figures followed by the same letters in the same column within the same soil type are not significantly different 
statistically according to Tukey’s method (p=0.05).  
 
6.4.3 Influence of cattle manure on WEOC 
In general, the different rates of organic amendments, as expected, increased significantly the 
WEOC in cattle manure treatments (Table 13). The effect of cattle manure on WEOC was 
significant at the 15% cattle manure application rate for Moshi soils whereas for Mwanga 
soils the significant WEOC increase was observed at both 7.5% and 15% application rates. In 
soils that were not treated with cattle manure, WEOC did not differ significantly. However, 
the WEOC in Mwanga soils at both 7.5% and 15% cattle manure was significantly higher 
than WEOC in Moshi soils at both 7.5% and 15% cattle manure rates (Table 13). 
6.4.4 Effects of cattle manure and inorganic fertilizers on the concentrations of 
Cu in bean above ground biomass 
Inorganic fertilizers in Moshi soil that was not amended with cattle manure significantly 
increased Cu concentrations in bean shoots. In the present study, the highest concentration of 
Cu was observed in this treatment (Table 14). Cu concentration in bean shoots in inorganic 
fertilizers + cattle manure at 7.5 % application rate in Moshi soil was significantly higher than  
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Table 13: Influence of inorganic fertilizers and cow manure on WEOC 
Treatment  Moshi soil  Mwanga soil 
  WEOC (mg kg-1)  WEOC (mg kg-1) 
0% OM + INOR  182a  147a 
7.5% OM + INOR  285a*  487b* 
15% OM + INOR  438b*  762c* 
Control  175a  188a 
7.5% OM + 0 INOR  268a*  435b* 
15% OM + 0 INOR  398b*  732c* 
Figures followed by the same letters in the same column are not significantly different statistically according to 
Tukey’s method (p=0.05). Figures of the same parameter in the same row followed by asteric are statistically 
significant different (p=0.05) 
 
in the 7.5% cattle manure treatment that was not treated with inorganic fertilizers. This 
demonstrates the potential of inorganic fertilizers to enhance Cu bioavailability. In Moshi 
soils, cattle manure significantly decreased Cu concentrations in bean shoots at both 7.5% and 
15% compared with the control treatment. However, between 7.5% and 15% cattle manure 
application rates, no significant effect was observed. For Mwanga soils, the main and 
interaction effects of inorganic fertilizers and cattle manure did not significantly affect Cu 
concentrations in bean shoots. The dry weight of bean shoots was not affected by the 
application of cattle manure and or inorganic fertilizers treatments in both soil types (Table 
14). 
Table 14: Influence of inorganic fertilizers and cattle manure on biomass production and 
concentration of Cu in bean plant 
Treatment  Moshi soils  Mwanga soils  
  Dry weight 
(g) 
 Copper concentration 
(mg kg-1) 
 Dry weight 
(g) 
 Copper concentration    
(mg kg-1) 
 
0% OM + INOR  2.41a 19a*  1.91a 5a*  
7.5% OM + INOR  1.88a 10b*  2.36a 5a*  
15% OM + INOR  1.26a 8bc  2.36a 7a  
Control  1.49a 10b*  1.95a 4a*  
7.5% OM + 0 INOR  1.76a 7cd  2.21a 4a  
15% OM + 0 INOR  2.03a 7cd  2.03a 6a  
Figures followed by the same letters in the same column are not significantly different statistically according to 
Tukey’s method (p=0.05).  
Figures of the same parameter in the same row with asteric are significantly different according to Tukey’s 
method (p=0.05). 
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6.4.5 Comparison in Cu concentrations in bean shoots between Moshi and 
Mwanga soils 
For inorganic fertilizer treated soils, Cu concentration in bean shoots grown in the Moshi 
control soils and in 7.5% cattle manure was significantly higher than in bean shoots in the 
corresponding Mwanga soils (Table 14). However, at 15% cattle manure rate, the 
concentrations of Cu in bean shoots between Moshi and Mwanga soils did not differ 
significantly. For inorganic fertilizers and soils not treated with cattle manure, Cu 
concentrations in bean shoots were higher in Moshi soils than in Mwanga soils. In the 
treatments involving cattle manure, Cu concentration in bean shoots did not differ 
significantly between Moshi and Mwanga soils. Copper concentrations in bean shoots in the 
present study lie within the normal ranges of Cu for most crops (Jones, 1972).  
 
6.5 Discussion 
6.5.1 Influence of cow manure on extractable Cu 
Metals within the soil solution are the only soil fraction directly available for uptake by the 
plant (Fageria et al., 1991). Hence, factors which affect the concentration and speciation of 
metals in the soil solution will affect the bioavailability of metals to plants. Organic matter 
added to soils increase WEOC, which indeed may also increase DOC in the soil solution. 
Increased DOC in the soil may increase Cu mobility as Cu-organic complexes (Hernandez-
Soriano and Jimenez-Lopez, 2012). This may lead to an increase of CaCl2-extractable Cu as 
observed in the present study, as CaCl2-extractable Cu is mostly related to the concentrations 
of Cu in the soil solution. The CaCl2-extractable Cu can also be increased by cations like K
+, 
Na+, NH4
+ and Ca2+ released from cattle manure, which will compete with Cu for the 
adsorption sites (El-Bayaa et al., 2009). It is only when metals are present in bioavailable 
forms at excessive quantities that they have the potential to become toxic to plants 
(Reichman, 2002). The fraction of any metal occurring in the soil solution is usually small 
compared to the total metal quantities in the soil (Sauvé et al., 1997). In the present study, the 
CaCl2-extractable Cu was only 0.1 to 0.13% and 0.05% to 0.25% of the total Cu contents in 
Moshi soils and in Mwanga soils, respectively. These values of the proportion of CaCl2 
extractable Cu as compared to the total Cu quantities in soils of the present study are in 
agreement with those reported by Romic et al. (2004) of 0.3% and those by Narwal and Singh 
(1998) of only < 0.5%. 
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Copper forms specific complexes with organic matter (Sims and Kline, 1991). This is the 
main cause of low Cu solubility especially in soils containing high levels of organic matter 
such as these in the present study. As a general rule, Cu solubility as measured by extractable 
CaCl2 decreases with an increase of soil pH (Fan et al., 2011; Ross, 1994). The increase in 
CaCl2-extractable Cu with increased soil pH, which is in contrast with the general rule, shows 
that in the present study, soil pH alone had a limited influence on CaCl2-extractable Cu. It is 
probable that the cattle manure played a dominant role in Cu solubility. As reported by 
Sanders et al. (2006), the solubility of Cu was more affected by Cu-organic matter 
complexation than by soil pH. The contribution of cattle manure on CaCl2-extractable Cu was 
18% for 7.5% cow manure amended treatments compared with the control (Table 12).   
Addition of organic matter to soils adds more solid OM (Komarek et al., 2010) and may also 
increase soil pH (Li et al., 2009) leading to less Cu mobility. This hypothesis explains the 
decrease in EDTA-extractable Cu in Moshi soils observed in the present study. The decrease 
in Cu concentrations in bean shoots in Moshi soils with increased pH is in line with the fact 
that Cu bioavailability decreases with an increase of soil pH (Ross, 1994).  
 Root exudates can change the chemistry of the soils in the root zone and solubilise organic 
matter which in turn complex and mobilize Cu and change the availability status of Cu 
(Dessureault-Rompé et al., 2008). The insignificant decrease in EDTA extractable Cu with 
cattle manure application rates in Mwanga soils which is in contrast with the observation in 
Moshi soils can be attributed to lower Cu concentrations in Mwanga soils than in Moshi soils. 
EDTA- extraction method is good for predicting plant metal deficiencies, but it may not 
correlate very well with metal toxicity in plants (Merry et al., 1986b). 
6.5.2 Influence of inorganic fertilizers on concentration of Cu in bean shoots 
Cu toxicity signs in the bean plants may start to show when the concentrations of Cu in the 
bean shoots exceed 20 mg Cu kg-1 dry weight (Shainberg et al., 2001; Cook et al., 1997). No 
toxicity symptoms such as leaf chlorosis and reduced shoot growth were observed in any of 
the treatments. Thus, plant growth did not seem to be affected by the high concentration of Cu 
in the soils. Accordingly, the concentrations of Cu remained within the normal concentrations 
of 4 and 20 mg kg-1 needed for most crops (Jones, 1972). The results of the present study 
demonstrate that bean crop does not take up excessive quantities of Cu. Therefore, the risks 
related to the enhanced Cu uptake appear to be low. Apart from Cu immobilization by soil 
constituents like organic matter and immobilization under high CEC in soils, plants may 
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convert Cu in the soils into metallic nanoparticles near the roots and reduce Cu toxicity to 
plants (Manceau et al., 2008). It is reported by Fan et al. (2011) that plants may influence Cu 
availability in the rhizosphere by changing rhizosphere pH (Neumann and Römheld, 2002). 
Another report shows that Cu concentrations in tomato remained in the adequate range and 
were independent of single soil properties and soil Cu content (Chaignon et al., 2003). 
Furthermore, the workers did not find any significant difference in biomass production in 
tomato shoots grown on highly Cu contaminated soils and those grown on uncontaminated 
soils, which is in line with the results of the present study. 
The effects of inorganic fertilizers on enhancing Cu uptake by bean shoots is deterred by high 
quantities of organic matter in Moshi soils, demonstrating the Cu immobilization effects of 
cattle manure even in the presence of ions that can compete with Cu for the sorption surfaces. 
Mottaghian et al. (2008) reported significantly lower concentrations of Cu in soy bean in NPK 
treatment than in NPK + compost treated soils showing that the interaction effects of compost 
and NPK enhanced Cu concentrations in soy bean. The compost material used by the authors 
had elevated levels of Cu which may have contributed to the increased concentration of Cu. In 
the present study, the cattle manure which was used had a very low concentration of Cu 
(Table 9). It is of interest to carry out more studies on the effects of inorganic fertilizers in Cu 
contaminated soils without cattle manure for several seasons to investigate the uptake of Cu in 
Cu contaminated Moshi soils. Further research will be required to investigate the cause for the 
differences in response in Cu uptake as a result of inorganic fertilization between Moshi and 
Mwanga soils.  
The 7.5 and the 15% dry cow manure application rates are on the extreme high. These high 
rates were selected because the field experiment reported in Chapter 5 revealed that low 
application rates of cattle manure did not have a significant effect on Cu solubility. Because 
7.5% cow manure drastically reduced Cu concentrations in bean shoots in Moshi soils (Table 
14), lower application rates that are realistic can be researched for.  
6.5.3 Effects of cattle manure on concentration of Cu in bean plants 
Cattle manure application to soils can lead to the formation of insoluble Cu-organo complexes 
(Ross, 1994) and deter Cu bioavailability. This may be a reason for the decrease in Cu 
concentrations with increased cattle manure application in Moshi soils. The decrease in Cu 
concentrations in bean shoots with increased cattle manure can be explained by the decrease 
in EDTA-extractable Cu with increased cattle manure rates. Consistent with the findings of 
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the present study for Moshi soils, Li et al. (2009) found that pig manure and peat significantly 
decreased Cu concentrations in rice plant. A decrease in the uptake of Cu as a result of cow 
manure in the soils has been reported for Brassica juncea by Clemente et al. (2005) and 
Chenopodium album L. by Walker et al. (2004). 
The lack of a significant effect of cattle manure on the concentrations of Cu in bean leaves 
which were grown in Mwanga soils is consistent with the insignificant decrease in EDTA-
extractable Cu in Mwanga soils in cattle manure treated treatments (Table 12). The 
phenomenon encountered in Mwanga soils has been reported by other workers, for example 
in winter squash (Warman et al., 2009), tomato (Chaignon et al., 2003), and wheat and 
soybeans (Sims and Kline, 1991). An increase in Cu concentrations in plants has been 
reported in studies that used organic amendments that contained elevated levels of Cu, for 
example Warman et al. (2009) and Walker et al. (2004).  
Apart from the joint effects of the soil properties, another possible governing factor that may 
have affected the concentrations of Cu in the bean shoots in the present study is that bean 
plants may have a mechanism of restricting excess Cu uptake and or its translocation to the 
above ground biomass (Li et al., 2009; Miyazawa et al., 2002) as a mechanism of controlling 
toxicity to the plants. This hypothesis is supported by the observation that Moshi soils had 
about 5 times higher total Cu, 5 – 6 higher EDTA-extractable Cu and 2 – 9 higher CaCl2-
extractable Cu than Mwanga soils; yet Cu concentrations in bean shoots were only 1 – 3 fold 
higher in Moshi soils than was the case in Mwanga soils and remained within the normal 
ranges for plant Cu concentrations. Under toxic conditions plants have mechanisms to 
regulate complexation of Cu within the xylem sap and hence minimize potential damage 
caused by high concentrations of free Cu ions (Welch, 1995) by binding 100% of Cu to 
aminoacids (Liao et al., 2000). Under conditions of elevated metal supply, generally the 
majority of metals are restricted to the plant roots (Brown and Wilkins, 1985) by unknown 
mechanism of preventing xylem loading of excess metals probably due to incorporating a 
high number of metal specific binding sites in the roots (Liao et al., 2000). 
To combat high external metal concentrations there are two main categories of strategies; 
these are restriction of uptake or transport and internal tolerance mechanisms. The former 
strategy includes preventing or lessening toxic metals from entering the plants by 
precipitating or by complexing metals in the root environment (Reichman, 2002). The 
precipitation can be achieved by increasing pH of the rhizosphere or by excreting anions like 
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phosphate (Taylor, 1991). Other mechanism include cellular exclusion where a large fraction 
of metals which are in plant roots are kept in the apoplastic free space and complexation at the 
cell wall-plasma membrane interface (Iwasaki et al., 1990). The later strategy includes 
compartmentation within the cell (Brookes et al., 1981). 
In the present study, Cu concentration in shoots remained within the normal Cu 
concentrations of healthy plants. There was no difference in dry weights among the 
treatments. This shows that the mechanisms that may have been involved in keeping Cu at 
normal concentrations in bean shoots in the present study may include soil factors, 
precipitation by exudates from the plants in the rhizosphere or cellular exclusion. The 
experimental set up of the present study did not allow to differentiate between the cellular 
exclusion and precipitation by root exudates. A mechanism of compartmentation within the 
shoot cells may not have been involved because shoot analyses did not show elevated levels 
of Cu.  It is of interest to carry out Cu bioavailability studies for other crops that are grown in 
these Cu contaminated fields. 
6.6 Conclusion 
Inorganic fertilizers enhanced Cu availability to bean shoots in Moshi soil but not in Mwanga 
soil probably due to differences in the total Cu load. These effects were masked when cattle 
manure was also applied. The present study demonstrates that bean crop does not take up 
excessive quantities of Cu, and therefore, the risks related to the enhanced Cu uptake appear 
to be low. Soil factors like organic matter content, high CEC and pH, precipitation by 
exudates from the plants in the rhizosphere or cellular exclusion may be mechanisms involved 
in keeping Cu concentrations in bean shoots normal. Bioavailability studies for other crops 
that are grown in Cu contaminated fields should be carried out. 
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Chapter 7: Copper bioavailability to bean (Phaseolus vulgaris) in long term Cu 
contaminated soils, uncontaminated soils and recently spiked soils 
 
This chapter has been redrafted from: 
Y.H. Senkondo, E. Semu and F.M.G. Tack (available online). Copper bioavailability to bean 
(Phaseolus vulgaris) in long term Cu contaminated soils, uncontaminated soils and recently 
spiked soils. Soil and Sediment Contamination. An International Journal. 
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7.1 Abstract 
Copper solubility and its bioavailability to Phaseolus vulgaris in long term Cu contaminated 
soils, uncontaminated soils and Cu spiked soils were studied. The role of plant factors, total 
Cu load in soils or the aging effect on the uptake of Cu was explored so as to assess health 
risks through contamination of the food web associated with growing the crop on such soils. 
Contaminated soils and clean soils were collected from coffee growing fields in Kilimanjaro 
and Arusha, Tanzania. Two bean seeds were sown per pot, replicated three times and arranged 
in a randomized design in a glass house. Cu spiking significantly increased extractable Cu as 
expected. For all the treatments except for the Mwanga and the Arumeru control soils, the 
addition of CuSO4 did not significantly increase the humic acid bound Cu, but it significantly 
increased the fulvic acid bound Cu (p=0.05). Moshi soils had significantly higher 
concentrations of Cu in the bean shoots than was the case with other soils (p=0.05). For the 
respective soil types, there was no significant difference in the concentrations of Cu in bean 
leaves between spiked and unspiked treatments in both contaminated and uncontaminated 
soils (p=0.05). Bean shoots did not accumulate Cu beyond the normal concentrations. 
7.2 Introduction 
The accumulation of Cu in the soils poses potential hazards to the environment and 
consequently the accumulation may be harmful to human beings (Lamb et al., 2009) through 
contamination of the food web. When the excess Cu is ingested it accumulates in the liver, 
brain, skin, pancreas and myocardium (El Bayaa et al., 2009). Soil properties play a vital role 
in mobility and bioavailability of heavy metals such as Cu (Gandois et al., 2010; Sims, 1986; 
Sauvé et al., 2000). When Cu is introduced in the soils, it undergoes changes that may 
immobilize and render it insoluble thereby making it unavailable for plants uptake (Brallier et 
al., 1996).   
The added Cu in the soil may complex with organic matter, it (Cu) may be bound to 
carbonates or it may be adsorbed to the soil mineral colloids. This may lead to a decreased 
concentration of water soluble Cu with time, and makes it less bioavailable (Ma et al., 2006). 
Studies show that when Cu is added to the soil, most of it will be in the exchangeable and 
water soluble forms and hence more bioavailable; however, as time passes by the Cu becomes 
converted to other fractions which are less bioavailable (Jalali and Khanlari, 2008; Hogg et 
al., 1993; McLaren and Ritchie, 1993). Other reactions that may take place after the Cu has 
92 
 
been added to the soil include complexation, surface adsorption, exchange reactions, 
chelation, and precipitation on the surfaces of the soil particles or diffusion into the 
mesopores and macropores of soils, converting the Cu from available to less soluble forms 
(Cavallaro and McBride, 1978). Apart from environmental factors, soil components and 
properties, the degree of immobilization of Cu is also determined by the total Cu load in the 
soils (Jalali and Khanlari, 2008). 
The amount of Cu adsorbed by soil as a result of aging effect is modified by soil pH and the 
quantity of organic matter in the soil. Lu et al. (2005), in their investigation of the aging effect 
on the distribution of metals to different fractions, found that under acidic conditions, the rate 
of conversion of the exchangeable fraction of Cu to other fractions was very low as compared 
with neutral or alkaline soils, and that high organic matter resulted into high organic-matter-
bound Cu. Generally, the bioavailability of heavy metals in the soils decreases with an 
increase in the residence time (Ma et al., 2006). Therefore, the mobility of Cu in long term Cu 
contaminated sites, as a result of continual additions of Cu, may be completely different from 
the behaviour which will be exhibited when a one-time heavy dose is applied to the soil and 
the mobility and bioavailability measured after a short incubation time (Lock and Janssen, 
2003). 
One of the soil constituents that can influence solubility behaviour of metals in the soils is soil 
organic matter through the formation of soluble complexes which are formed upon organic 
matter degradation (Hernandez-Soriano and Lopez-Jimenez, 2012; Almås et al., 1999) or 
through the formation of insoluble complexes (Narwal and Singh, 1998; Tandy et al., 2009). 
According to Hernandez-Soriano and Lopez-Jimenez (2012), the binding of heavy metals to 
organic matter depends on the affinity of metal for different functional groups present in the 
organic matter and on the soil properties. 
Humic acids and fulvic acids form a vital ingredient of the soil organic matter, and the 
binding properties by the two organic acids may affect the fate of Cu in the soil. Cu 
complexation by organic matter, in the form of humic acid and fulvic acid, is an effective 
mechanism of Cu retention in the soils (Bradl, 2004). Fulvic acid in the soils may enhance Cu 
solubility because it is soluble in water, while humic acid may form insoluble complexes 
(Gondar et al., 2006). The humic substances account for up to 70 - 80 % of the organic matter 
and can as well control the capacity of mineral matter in the soil to adsorb metals (Arias et al., 
2002). At pH values above 6, organic matter decreased plant absorption of Cu because of its 
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ability to form chelates with humic acid and its strong adsorption to organic matter (Clemente 
et al., 2003) as well as lower proton-metal ion competition (Gondar et al., 2006).  
In coffee growing areas where the soils have long been contaminated by Cu-based fungicides 
and where addition of organic fertilizers has been a common practice, as is the case in Hai, 
Moshi, Mwanga and Arumeru districts, it is imperative to study Cu associations with these 
two important organic acids, humic acid and fulvic acid because they (the acids) affect 
mobility of Cu in the soils. 
Results in Chapters 3, 5 and 6 reveal that despite high concentrations of Cu in the Cu 
contaminated soils, Phaseolus vulgaris did not take up excess quantities of Cu. It was 
hypothesized that the aging effect or the crop characteristics were responsible for the 
phenomenon. Therefore, it is important to explore the factors that contributed to this 
phenomenon so as to include such information in the environmental risk assessment. Most 
studies on the influence of aging on Cu solubility were undertaken in test tubes where 
adsorption isotherms of the soils were studied, or the soils were incubated for a few weeks to 
determine the distribution of Cu species as affected by incubation time. Information on the 
comparisons between Cu uptake from the soils which have been contaminated by Cu for a 
long time, the uncontaminated soils and the recently Cu spiked soils is hardly found in 
literature.  
To account for the role of aging effect on Cu bioavailabilty, this study compared Cu solubility 
in the soils and its bioavailability to bean shoots among long-term Cu contaminated soils, 
uncontaminated soils and the recently Cu spiked soils. The study discusses the uptake of Cu 
in relation to the total Cu load and the soluble fractions of Cu in the soils. The influence of 
spiking soils with CuSO4 on Cu association with humic or fulvic acids among different soil 
types has been explored in the present study.   
7.3 Materials and methods  
7.3.1 Soil sampling  
Soils were collected from Hai, Moshi Rural and Mwanga districts in Kilimanjaro region and 
Arumeru district in Arusha region. The soils collected from Mwanga, Hai, and Moshi Rural 
districts had been receiving Cu-based fungicides for as long as 63 years in some soils. Two 
control soils were included in the study, one from Mwanga and the other from Arumeru 
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districts. The method used to collect the soils has been described in section 6.3.2. Soil types in 
the studied areas have been presented in section 1.1.6. 
Table 15: Physical and chemical properties of soils used in the study 
Soil type 
Exchangeable bases 
(cmolc kg
-1) 
 CEC 
(cmolc kg
-1) 
Organic 
carbon (%) 
Extractable 
P (mg kg-1)  
Texture 
(%)  
 Ca2+ Mg2+ K+ Na+     Clay Silt Sand 
Moshi 20 4.3 4.3 0.8  42 4.5 18 63.2 18.8 18 
Hai 19 2 3.9 1.0  40 8.8 3 71.2 20.8 8 
Mwanga   11 0.5 2.5 1.0  30 3.8 7 45.2 28.8 26 
Arumeru control 28 nd 8.5 1.0  39 2.8 25 53.2 32.8 14 
Mwanga control 11 1 1.0 0.8  19 2.5 1 47.2 34.8 18 
Key: nd = not detected 
 
7.3.2 Experimental treatments 
 
About 500 g of soils (contaminated or control) were treated with CuSO4, mixed with 25% 
(w/v) water, covered with polythene bags and equilibrated for 30 days. After 30 days, the Cu 
spiked soils were leached with 500 mL distilled water to remove the Cu that was anticipated 
to be in the soil solution. The soils were left for three days to drain, after which two bean 
seeds were sown per pot and arranged in a glass house in a randomized design with three 
replicates. In the anticipation of germination failures as a result of Cu toxicity, some bean 
seeds were separately planted on separate pots containing corresponding unspiked soils. On 
the Cu spiked soils, the seeds did not germinate as anticipated and therefore the bean 
seedlings which were separately planted on the non-spiked soils were transplanted to the 
respective spiked treatments. After five weeks, that is, at flowering, the crop was harvested, 
dried, weighed and ground. About 100 g of soil samples were taken at harvest, dried, ground 
and passed through a 2 mm sieve for laboratory analysis. The experimental treatments, 
replicated three times have been presented below.  
Mwanga soil – Long term contaminated soils 
Mwanga soil – Long term contaminated soils + 200 mg kg-1 Cu from CuSO4 
Moshi soil – Long term contaminated soils 
Moshi soil – Long term contaminated soils + 200 mg kg-1 Cu from CuSO4 
Hai soil – Long term contaminated soils 
Hai soil – Long term contaminated soils + 200 mg kg-1 Cu from CuSO4 
Mwanga control soil – Uncontaminated soils 
Mwanga control soil – Treated with 400 mg kg-1 Cu from CuSO4 
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Arumeru control soil – Uncontaminated soils 
Arumeru control soil – Treated with 800 mg kg-1 Cu from CuSO4 
7.3.3 Chemical analysis of soil samples 
The determinations of soil pH (water), EC, OC, CEC; CaCl2-, EDTA- or aqua regia- 
extractable Cu have been presented in section 4.3.4 and the determination of Cu 
concentrations in plant samples has been presented in section 5.3.3. 
7.3.4 Humic acid and fulvic acid bound Cu 
The association between Cu with fulvic acid and humic acid was carried out as described by 
Mohamed et al. (2010). Five gram of the soil samples were mixed with 50 mL of 0.1 M 
NaOH and shaken for 24 hours in a mechanical shaker. The solution was centrifuged at 3800 
rpm for 30 minutes. Fifteen millilitre of the supernatant was taken and acidified with HNO3 
(pH = 1.2) and centrifuged at 3800 rpm for 30 minutes. The supernatant was decanted and 
digested with HNO3 and the concentration of Cu determined by ICP OES. This solution 
contains fulvic acid bound Cu. Another 15 mL of the 0.1M NaOH treated solution above was 
taken and digested with HNO3 at 150
oC for two hours and Cu determined by ICP OES. This 
solution contains fulvic acid and humic acid bound Cu. The humic acid bound Cu was 
obtained by difference. 
7.3.5 Quality control 
Standard solutions which were prepared from standardised metal stock solutions (Merck, 
Darmstadt, Germany) were used for calibration. To determine the detection limit, Hubaux and 
Vos method (1970) (ISO 11843-2:2000) model was used. Four standards were measured three 
times and based on the standard deviations, the detection limit was calculated. To ascertain 
the accuracy the ICP OES and the analytical procedures used, a standard reference material, 
rye grass referenced BCR 281 was analyzed in parallel with the plant samples and 92% 
recovery was attained. Additionally, a calibration curve was recalibrated after every 20 
samples. Moreover, a standard solution was included in every analysis. 
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7.3.6 Data analysis 
ANOVA was carried out to examine any difference (p=0.01) on the concentrations of Cu in 
bean crop from the different treatments using S PLUS 8.2 software (Insightful Inc., USA). 
ANOVA was also carried out to examine the effects of the treatments on soil pH, EC and 
CaCl2-, EDTA- or aqua regia-extractable Cu. Tukey’s method (p=0.05) was used to compare 
the means between the treatments.   
7.4 Results 
7.4.1 Variations in soil pH and soil EC 
Physico-chemical properties of soils used in the study have been presented in Table 15. The 
pH and EC of the soils sampled at harvesting of the bean crop have been presented in Table 
16. Arumeru soil was in neutral range while all the other soils were in acidic range, Hai soils 
being the most acidic. The pH of some different soil types varied significantly. The Arumeru 
soils had significantly higher pH than all the other soil types whereas Hai soils had 
significantly lower pH than all the other soils.  
The differences in soil pH is a manifestation of different soil forming factors, the nature of the 
parent materials and human activities which exist between the different sampled farms. The 
pH values of Moshi soils, Mwanga and Mwanga control soils did not vary significantly. 
Table 16: pH and EC (1/5 soil/water ratio) values of soils used in the study measured at 
harvesting 
Treatment/Parameter pH EC (µS/cm) 
Mwanga - spiked 6.20b 112gh 
Mwanga  6.23b 88gd 
Moshi - spiked 6.40b 108ge 
Moshi 6.53b 76g 
Arumeru control - spiked 7.00a 235bc 
Arumeru control 7.20a 146cg 
Hai - spiked 6.10b 397a 
Hai 5.76c 183cdef 
Mwanga control- spiked 6.13b 113gh 
Mwanga control 6.4b 68g 
Figures followed by the same letter in the same column are not significantly different according to Tukey’s 
method of means comparison (p=0.05). 
 
The EC values showed that all the soils were non saline. The Soil EC varied significantly 
among the different soil types (p<0.01). Hai spiked treatment had significantly higher EC than 
all the other treatments. The addition of CuSO4 significantly increased the EC for Hai soils; 
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whereas, the addition of CuSO4 had no significant effect on soil EC for all the other soil 
types. 
7.4.2 Extractable-Cu in different soil types 
Extractable Cu varied among the different soil types (Table 17). For the contaminated, non-
spiked treatments, Moshi soils had significantly the highest CaCl2-, EDTA- and aqua regia- 
extractable Cu of all. The CaCl2- extractable Cu for Mwanga contaminated, non-spiked and 
for Hai contaminated, non spiked soils were not significantly different, but the latter had 
significantly higher EDTA- and aqua regia-extractable Cu than the former. CaCl2-extractable 
Cu in control soils was below the detection limit of the ICP-OES used (0.005 mg L-1 or 
0.0025 mg Cu kg-1 soil). 
The addition of CuSO4 increased significantly (p=0.05) the CaCl2- and EDTA- extractable Cu 
for all soil types except for the Hai soils. As expected, the total Cu contents of the soils as 
measured by aqua regia extractable Cu for all the spiked treatments were significantly higher 
than the treatments that were not spiked with CuSO4. Control soils (Mwanga and Arumeru) 
had the highest increase in aqua regia, EDTA and CaCl2 extractable Cu as a result of spiking. 
Hai soils had the lowest percentage increase in extractable Cu of all the soils (Table 17). 
7.4.3 Cu binding to humic and fulvic acids 
 
The different treatments showed significant differences (p<0.01) in capacities of the soil types 
to bind Cu by fulvic acid or humic acid (Table 18). For all the treatments except for the 
Arumeru and Mwanga control soils, the addition of CuSO4 did not change significantly the 
humic acid bound Cu, but it significantly (p=0.05) increased the fulvic acid bound Cu. 
Control soils had lower humic acid as well as fulvic acid bound Cu than the contaminated and 
the spiked soils (Table 18). It is interesting to note that the humic acid bound Cu was not 
statistically (p=0.05) different between spiked and non spiked soils for the respective 
contaminated soils (Table 18).  
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Table 17: Copper extractability of soils used in the study and the change in increase in CaCl2- 
and aqua regia-extractable Cu 
 
Treatment/Parameter 
 
CaCl2-Cu 
(mg kg-1) 
 
Change 
in CaCl2 
(mg/kg) 
 
 
Times fold 
increase 
in change 
inCaCl2 
 
 
EDTA-
Cu  (mg 
kg-1) 
 
Times fold 
increase 
in ∆ EDTA 
 
Aqua regia 
Cu (mg kg-1) 
 
Times fold 
increase 
in change in 
aqua regia 
 
 
Mwanga spiked 
 
0.4d 
 
0.3 
 
2 
 
166e 
 
       1 
 
      443d 
 
       1 
Mwanga 0.1e   79f        200e  
Moshi spiked 1.4a 0.3 0.3 720a        0.2       1444a        0.5 
Moshi 1.0cb   608b         984b  
Arumeru control - 
spiked 
0.8cb 0.8 61 94f        7       898b        18 
Arumeru control nd   12g        46f  
Hai spiked 0.4d 0.04 0.1 325c       0.1       910b       0.3 
Hai 0.4ed   300c        678c  
Mwanga control- spiked 1.1ab 1.1 51 237d       10       414e       7 
Mwanga control nd   22g        49f  
Figures followed by the same letter in the same column are not significantly different according to Tukey’s 
method of means comparison (p=0.05). 
 
Key: x fold = times fold increase; ∆ = change 
7.4.4 Influence of different soil types and CuSO4 on the concentrations of Cu in 
bean shoots and bean dry weights 
The concentrations of Cu in bean shoot have been presented in Table 19. The bean plants 
grown on Moshi soils had significantly (p=0.05) higher concentrations of Cu than the beans 
grown on all the other soil types. The concentrations of Cu among bean shoots grown on Hai, 
Mwanga and Arumeru soils did not differ significantly. Furthermore, the addition of CuSO4 
to different soils did not significantly (p=0.05) affect the concentrations of Cu in bean shoots 
in all the respective soil types. Table 19 shows further that there was a significant (p=0.05) 
difference on the bean dry matter among the different treatments. 
Table 18: Humic and Fulvic acid bound Cu of soils used in the study 
Treatment/Parameter HA-Cu (mg kg-1) FA-Cu (mg kg-1) 
Mwanga spiked 54c 52e 
Mwanga 42ce 22f 
Moshi spiked 122b 208a 
Moshi 113b 166b 
Arumeru control - spiked 173a 104cd 
Arumeru control 15e 2f 
Hai spiked 108b 123c 
Hai 117b 79de 
Mwanga control- spiked 46cd 57e 
Mwanga control 17e 4f 
Figures followed by the same letter in the same column are not significantly different according to Tuley’s 
method of means comparison (p=0.05). 
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For Mwanga soils, the Cu-spiked treatment produced significantly (p=0.05) lower dry matter 
than the Mwanga Cu unspiked treatment. For other treatments, the bean dry matter between 
Cu spiked and Cu unspiked treatments did not vary significantly. Bean seeds did not 
germinate on spiked soils but the transplanted seedlings continued growing with no 
differences on the biomass yields, except for the Mwanga soils. 
7.5 Discussion 
7.5.1 Soil pH and CaCl2-extractable Cu 
Because soil pH differed significantly between the treatments, it would be expected that the 
Cu solubility as measured by CaCl2 extraction method would be lower for high pH treatments 
and higher for low pH treatments. However, this was not the case.  
The converse phenomenon observed can be attributed to the differences in the contamination 
history among the soil types and the different spiking rates. The results in the present study 
have revealed that spiking introduces soluble fractions of Cu to most of the soils studied 
(Table 17). This phenomenon signifies that the total Cu load in the soils may be more 
important in controlling Cu solubility in soils than soil pH. As Sauvé et al. (2000) reported 
that Cu solubility in the soils was a resultant of pH, the total metal burden and organic matter 
contents. Lack of significant increase in CaCl2-extractable Cu in Hai soils between spiked and 
non-spiked treatments may be a result of its lower percentage increase in pseudo-total Cu 
contents after leaching than in other soil types (Table 17). 
Table 19: Bean shoots dry weight and the concentrations of Cu in bean shoots 
Treatment/Parameter Cu-bean (mg kg-1) Dry wt (g) 
Mwanga spiked 6b 1.04b 
Mwanga  6b 1.84a 
Moshi spiked 14a 1.23ab 
Moshi 14a 1.41ab 
Arumeru control - spiked 5b   1.26ab 
Arumeru control 4b 1.00b 
Hai spiked 6b 1.35ab 
Hai 7b 1.34ab 
Mwanga control- spiked 5b 0.87b 
Mwanga control 5b 0.93b 
Figures followed by the same letter in the same column are not significantly different according to Tukey’s 
method of means comparison (p=0.05). 
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7.5.2 Cu binding to humic acid and fulvic acid 
The differences in the capacities of soils to bind Cu to fulvic acid and humic acid can be 
attributed to the quantities and types of soil organic matter that may exist in different soil 
types and the total Cu load. Humic substances that can be extracted from soils vary in formula 
weight from as low as 100 to over 300,000 (Stevenson, 1994 as cited in Certini , 2001). The 
differences in molecular weight for the humic materials in soils may affect Cu binding (Inaba 
and Takaneka, 2005). Different plant materials have different quantities of organic carbon 
(Clemente et al., 2007) which, upon fractionation, may release different quantities of fulvic 
acid and humic acid. Differences in the quantities of released humic or fulvic acids can 
explain the differences in Cu binding to these two important organic acids encountered in the 
present study. Observations in the present study (Table 17; Table 18) reveal further that in 
most unspiked soils, more Cu is bound to humic acid than to fulvic acid, and which implies 
that for most unspiked soils the mobility and toxicity of Cu are more controlled by humic 
acids than by fulvic acids. The observation that fulvic acid in spiked soils bound more Cu 
than it does in unspiked soils shows that fulvic acid may be very important in binding recently 
added Cu in the soils if the soils are in acidic pH ranges. This means that fulvic acid is an 
important determinant of Cu mobility and toxicity in spiked soils. As Gondar et al. (2006) 
argue, Cu binding to humic substances is influenced by a number of factors such as the total 
amount of different functional groups and chemical structure. Lack of significant difference in 
humic acid bound Cu between spiked and non-spiked soils in most soils shows the possibility 
that the binding sites in humic acid in the soils might have already been saturated with metals. 
 
7.5.3 Influence of different soil types and Cu spiking on the concentrations of Cu 
in bean shoots and bean dry weights 
 
Despite an increase in the CaCl2- and the EDTA-extractable Cu as a result of the added 
CuSO4, (Table 17) an increase in the extractable Cu in the soils was not reflected on the 
concentrations of Cu in bean shoots. This shows that even the recently added Cu was not 
taken up by bean shoots, signifying that the aging effect had no influence on Cu uptake by the 
bean shoots, which is contrary to what was hypothesized by Elzinga et al. (2006). The 
increased Cu solubility in spiked soils is a result of low time of contact between the added Cu 
and the soil mass (Zhou et al., 2008). For example, Mwanga control spiked soils had 
significantly higher CaCl2- extractable Cu than was the case with Moshi unspiked soils 
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despite significantly lower total Cu contents in Mwanga soils. On the other hand, Mwanga 
control spiked soils had significantly higher quantities of CaCl2-extractable Cu than was the 
case with Moshi unspiked soils, but the concentrations of Cu in bean shoots in Moshi soils 
was significantly higher than the concentrations of Cu in bean shoots in Mwanga control 
spiked soils. It is therefore evident that the aging effect played a vital role in the solubility of 
Cu in the soils but it had a limited role on Cu uptake by bean shoots. It can therefore be 
inferred that relying on soluble quantities of Cu in the soils, especially those generated by 
spiking soils, may exaggerate the risk of contaminating the food web posed by a particular 
metal in the soils, especially if uptake studies have not been carried out. The joint effects of 
soil properties (Brun et al., 2001; Gandois et al., 2010) may have played a more important 
role in deterring the uptake of Cu than the aging effect or the total Cu load. This hypothesis is 
supported by the verity that in Moshi soils, despite the fact that the spiked treatment had 
significantly higher CaCl2- and EDTA- extractable Cu (Table 17) than the Moshi unspiked 
treatment, the concentration of Cu in bean shoots was the same for both treatments (Table 
19). Furthermore, contrary to what was hypothesized by Brun et al. (1998) and Déportes et al. 
(1995), that Cu load enhances Cu bioavailability, the differences in the total Cu load among 
different treatments for the respective soil types in the present study did not affect Cu 
concentrations in bean shoots (Table 19). The failure in seed germination in the spiked soils 
elucidates that Cu toxicity is more critical at seed germination, but once the seeds escape Cu 
toxicity at germination, the bean seedlings can tolerate higher concentrations of Cu. 
Apart from the joint effects of the soil properties, another possible governing factor that may 
have deterred the excessive uptake of Cu by the bean shoots in the present study is that bean 
plants may have a mechanism of restricting excess Cu uptake and or its translocation to the 
above ground biomass (Miyazawa et al., 2002) as a mechanism of controlling toxicity to the 
plants. This hypothesis is supported by the results obtained in Moshi treatments, which 
indicated that despite the differences in Cu concentrations between Moshi spiked and Moshi 
unspiked treatments, the concentrations of Cu in bean shoots in the two treatments were the 
same. The mechanism of restricted upward movement of Cu by plants is not well understood 
(Pitch and Scholtz, 1996). In the present study, Cu concentrations in bean roots were not 
measured due to difficulties in recovering root hair biomass. This happened due to the fact 
that the plants were grown on soils and it was difficult to recover substantial quantity of the 
roots. It is imperative to carry out a study that will make it possible to recover bean roots so as 
to measure the concentrations of Cu in the roots so as to find out whether bean plants do not 
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take excess Cu to the root system or that it takes Cu to the root system but it hinders its 
translocation to the shoots.  
Hardiman et al. (1984) observed that concentrations of Cd, Pb and Cu in roots of Phaseolus 
vulgaris L. increased with increased soil concentrations of these metals. However they 
observed that in stems only Cd and Pb increased and Cu concentrations in the stems did not 
change. They concluded that Cu transport to the stele was metabolically controlled. Larger 
amounts of Cu in Phaseolus vulgaris was retained in the roots and Cu was more mobile 
through phloem than through xylem, and bean translocated Cu more to the stem than to the 
other parts (Advait et al., 2008). In the present study, bean plants did not accumulate elevated 
Cu concentrations in aerial parts. The highest mean concentrations of Cu in the bean shoots 
encountered in the present study (Table 19) lies within the adequate Cu concentrations of 
between 5 to 25 mg kg-1 for most plant species (Aasen, 1997, as cited in Loland and Singh, 
2004a). Jones (1972) reports that the concentrations of less than 4 mg kg-1 is considered as 
deficient and the Cu concentrations more than 20 mg kg-1 is considered toxic. Therefore, bean 
plants in the present study did not take-up Cu in excess quantities.  
7.6 Conclusions 
Soluble fractions of Cu and total Cu load are not good indicators of Cu bioavailability to the 
bean shoots and therefore spiking can exaggerate the estimation of risks of contaminating the 
food web. The aging effect had no influence on Cu uptake by bean shoots. Plant factors 
and/or the joint effects of soil properties played a major role in controlling Cu uptake by bean 
shoots. Fulvic acid was more important in binding the recently added Cu than humic acid. 
Humic acid was more important in controlling the binding of Cu in unspiked soils than fulvic 
acid. 
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Chapter 8: General discussion, conclusions, recommendations and future 
research 
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8.1 General discussion 
Most soils studied exceed the normal baseline Cu concentrations in soils reported worldwide 
of between 6 – 60 mg kg-1. The contamination has been caused by the continual use of Cu-
based fungicides. Different concentrations were encountered in different farms due to 
differences in factors such as the quantities and frequency of applications of Cu based 
fungicides and the duration with which a particular farm had received the Cu-based 
fungicides. Despite high Cu contents in soils, coffee, banana and bean samples had Cu 
concentrations within normal ranges for plants. 
It was inferred that the low uptake of Cu by the bean plants was not caused by the aging 
effect, because the concentrations of Cu in bean leaves in the spiked soils and the long-term 
contaminated soils all were within the normal Cu concentrations in bean plants. Although the 
aging effect played a dominant role in Cu solubility in soil solution, it had a limited role in the 
uptake of Cu by bean shoots. The total Cu load did not affect Cu bioavailability in this 
experiment. 
The joint effects of soil properties such as pH, organic matter and CEC may have played a 
more important role in the Cu bioavailability. Total Cu load was more important in enhancing 
the solubility of Cu in soils than soil pH. In addition, the reversion of Cu to less soluble 
fractions increased with increased levels of organic matter in soils. The difference in the 
capacity of soils to bind Cu to fulvic acids and humic acids is attributed to the differences in 
quantities and types of organic matter present. It was concluded that plant factors played a 
major role in restricting the uptake or translocation of Cu from soils to roots and shoots as a 
mechanism to avoiding toxicity. The mechanisms involved in controlling Cu toxicity in plants 
include maintenance of low levels of Cu in the cytoplasm, complexing Cu within the xylem 
sap, binding Cu to amino acids, restriction of the metals to the roots, restriction of uptake or 
transport and internal tolerance mechanism. The internal tolerance mechanism in the present 
study may not have been involved because the concentrations of Cu in bean shoots in the 
present study were within the normal Cu concentrations required in shoots of most plants. 
Another hypothesis put forward was that plant factors are responsible for the low uptake of 
Cu by plants. Plants have mechanisms to restrict the uptake or the upward translocation of Cu 
as a way of avoiding toxicity. However, the present study could not ascertain if the 
mechanism involved in controlling Cu toxicity in beans is either a restricted uptake by the 
105 
 
roots or a restricted translocation of Cu to the aerial parts of the bean plants. This is a topic for 
further research. 
Different organic amendments added to soils affected soil pH, but not CEC, OC and Cu 
concentrations in soils in the field experiment. The maximum rate of 40 tons ha-1 was 
equivalent to about 2% of organic matter added. The high spatial variability in quantities of 
native organic matter within the field may be a reason for a lack of significant effects of the 
organic amendments on some soil properties. 
To achieve a significant immobilization or mobilization of Cu by organic amendments in 
soils, significant quantities of organic matter must be used. The study supports this 
hypothesis, where rates of 7.5% cow manure significantly decreased Cu concentrations in 
Phaseolus vulgaris in Moshi soils. The 7.5% and the 15% dry cow manure are already on the 
extreme high. Since 7.5% dry manure showed significant immobilization of Cu, lower 
possible rates can be researched for. The concentrations of Cu in the plants did not exceed the 
normal concentrations required by beans for normal growth, probably due to the insignificant 
effects of the organic amendments on Cu solubility in soils. Therefore, the soil factors may 
enhance or deter Cu solubility in soils, but bean plants do not take up the solubilised Cu 
excessively. Seeds are more protected from excessive uptake of toxic substances than leaves.    
It was observed that despite the fact that all the soils sampled were non saline, the soil EC, 
which is a measure of ionic strength, was positively related with the concentrations of Cu in 
bean leaves. Inorganic fertilizers enhanced the uptake of Cu in Moshi soils that did not 
receive cattle manure. However, the enhanced uptake of Cu did not result in concentrations 
higher than normal Cu concentrations in beans, demonstrating the restricted uptake, and or 
translocation of Cu as a way of avoiding toxicity. 
It was found that in tilled lands, high concentrations of Cu are found within 30 cm while in 
soils where the land was left fallow for a long time high concentrations of Cu are found 
within 10 cm. In fallow land the soil is left compact and less aerated and consequently the 
degradation of organic matter is slow. This leads to slow release of Cu and subsequently 
makes the Cu less mobile. The higher quantities of organic matter, CEC and %silt in the 
upper soil layers were the main reasons for the higher quantities of Cu in the layers which 
ultimately made Cu to be confined within 10 cm or 30 cm in studied soils. The silt fraction 
correlated positively with Cu partly because in the present study organic matter was not 
destroyed and it (organic matter) may have been determined as silt fraction. Taking into 
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consideration that the water table in the areas is below 12 m in the studied areas, Cu 
fungicides may not pose a threat of contaminating underground water resources due to its 
limited mobility. The capacity of the soil layers to retain Cu with depth increased because 
there was an increase of clay content with depth and throughout the soil profiles the silt 
fraction was substantial. High clay and silt fractions in soil layers lead to attenuated 
downward migration of Cu. The fact that Cu was confined within the top soils layers indicates 
minimum risks of contaminating underground water resources.   
The use of Cu-based fungicides on the soils should be stopped because their continual use 
would aggravate the problem. This can be achieved by using other pesticides which are not 
Cu-based and that do not persist in the soil environment. The prices of other fungicides that 
are not Cu-based are higher than the ones for Cu-based products. It is recommended that the 
government actively supports the use of alternative fungicides. Another plausible alternative 
is to use coffee varieties that are resistant to the fungal diseases. TaCRI as a research 
institution responsible for coffee research has developed such resistant varieties. However, the 
pace of replacing old, susceptible varieties with the new, resistant ones is still low due to 
limited financial resources, facilities and low adoption rate by the small scale farmers. 
One of the abatement options to clean the Cu contaminated soils would be phytoremediation 
which involves the use of plants that can accumulate elevated levels of Cu in their tissues. 
Studies on the use of such plants from other metal contaminated soils show that it may take 
centuries to reduce metal contents to background levels. Therefore this method cannot be 
recommended as a short term measure of controlling Cu toxicity in coffee fields. 
As results in the present study indicate, high levels of organic matter in soils have 
immobilised Cu. Since farmers in the coffee growing areas use cattle manure as organic 
fertilizers, it is advisable to encourage farmers to continue with the practice. The organic 
matter amendments can affect Cu solubility through its alteration of soil pH and soil EC as 
evidenced in the present study or through the formation of soluble/insoluble complexes. It is 
very important to educate the farmers on the importance of adding cattle manure to the soils 
because in areas where farmers abandoned coffee production the farms are used intensively 
for the production of annual crops. This land utilization type accelerates the oxidation of 
organic matter and therefore the organic matter will be depleted with time. The oxidation of 
organic matter may release the complexed Cu to the soil solution. In the present study, the 
cattle manure used was not fresh. However, in some fields, farmers add fresh cattle manure to 
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their fields. It is imperative to carry out studies that will explore the influence of freshly added 
cattle manure on Cu solubility and bioavailability to crops.  
Different soil types responded differently to the addition of inorganic fertilizers. While Cu 
uptake by beans was enhanced in Moshi soils, in Mwanga soils there were no significant 
effects. This may have been caused by differences in soil properties, and levels of Cu 
contamination which is a result of differences in Cu contamination history. The fact that in 
control soils Cu was enhanced in bean shoots to a level that is close to toxicity levels, it shows 
that in Moshi soils there is a potential danger of contaminating the food web if crops that can 
take up the available Cu excessively are grown on those soils and if there is further depletion 
of organic matter in the soils. This calls screening for Cu uptake by different crops before 
growing them on Cu contaminated soils under inorganic fertilization without the use of 
substantial quantities of dried cattle manure or any other organic amendments that have been 
proved to immobilize Cu. 
In soils left fallow for a long time, the downward movement of Cu was highly reduced. It is 
possible to explore this potential to halt Cu mobility in soils. Since we do not have enough 
data we recommend more studies on the vertical distribution of Cu in Cu contaminated soils 
under this type of land use.   
8.2 General conclusions 
Continual use of Cu-based fungicides in coffee farms has caused elevated Cu concentrations 
in soils of coffee plantations. However, in the contaminated soils Cu was immobile and 
therefore it accumulated on top soils only. Due to low solubility and mobility of Cu in the 
plantations, Cu was not excessively available to crops grown on the contaminated soils. We 
therefore conclude that there is a low risk of contaminating underground water resources or 
the food web in bean.   
Soil properties play a major role in Cu solubility and availability. We conclude that the 
addition of cattle manure was more important in controlling the availability of Cu in some 
soils than other soil properties like pH and total Cu load in soils. The aging effect was 
significant in controlling the solubility of Cu in soils but it had limited effects on Cu uptake 
by the bean crop.  
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8.3 Recommendations and further research 
Contamination of food web 
Our study examined in detail Cu bioavailability to bean crop. However, farmers in 
Kilimanjaro and Arusha regions grow many other crops on the Cu contaminated soils. It is 
therefore recommended to assess the bioavailability of Cu to other crops that are grown on Cu 
contaminated fields.   
Study the influence of organic amendments on Cu availability 
Our glass house study revealed that high rates of dry cow manure deterred Cu uptake by bean 
crop. We recommend that field experiments should be carried out to ascertain if the dry cow 
manure can show similar effects under field conditions at lower realistic rates. Some farmers 
apply fresh cow manure on Cu contaminated soils. We also recommend that effects of fresh 
cow manure on Cu availability to crops grown on Cu contaminated farms be carried out. 
Study the influence of inorganic fertilizers on Cu availability 
Our study revealed that in some soils, inorganic fertilizers enhanced Cu availability in soils 
which were not treated with cow manure, showing that depletion of organic matter in soils 
may enhance Cu availability if inorganic fertilizers are applied. If the soils are cultivated 
without replenishing organic matter amendments, in a long-run organic matter contents will 
be very low and Cu availability status may change. We therefore call for further research on 
the effects of inorganic fertilizers and depletion of organic matter in Cu contaminated soils on 
Cu availability to crops in different soil types. The research should as well focus on the 
dynamics of Cu binding to fulvic and humic acid with organic matter depletion in soils. 
Study on the mechanism involved by bean crop in avoiding Cu toxicity 
We found that bean crop did not take up Cu excessively. However, we could only partly 
explain the possible mechanism involved in keeping the Cu concentrations in bean shoots at 
normal quantities. We recommend a study to explore the mechanism of maintaining Cu levels 
at normal concentrations in beans. The experimental set up should allow to differentiate 
between the cellular exclusion and precipitation by soil constituents.  
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